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CHAP'IER 1 
INTRODUCllON 
1.1 Objective and Scope 
Masonry has been a building material since ancient times and is still used 
extensively in many countries for low and medium-rise buildings. It is a brittle 
material, and like plain concrete, is much stronger in compression than it is in 
tension. Because of its low cost and ease of construction, this has not pre-
cluded its use in seismically active areas; occasionally it is reinforced to resist 
tensile stresse~. However, in places where steel reinforcement is not easily 
~ 
available or is expensive, as in rural areas of China or India, unreinforced 
masonry structures continue to be used extensively. The performance of these 
structures during earthquakes, such as the 1976 Tangshan earthquake, has gen-
erally bee n pc'o r. 
The aimJf structural design is to provide safe and economical structures. 
In the case ()f ~tructures subjected to seismic loads, the building should not col-
lapse. eVt"=-: '" :.en it is subjected to severe ground shaking. Also, the additional 
cost neCt'~~:i:: :cr earthquake resistance should not be higher than the expected 
cost of r,; ,~>~ ,:; the event of an earthquake. Thus, the design of earthquake-
resist~:;t ,,: .. '~~~ l~t:"~ should be guided by considerations of potential damage to a 
structure. T~.:'- I' recognized in the philosophy underlying many seismic build-
ing codes L ~7. ,:.:q; ~he potential damage to some tolerable level is implied in 
many cO(~P:. ~. '"~\'e~, lacking a quantitative measure for damage, it has not 
been con5id,.~~'/3 explicitly in stru~tural design. 
The objective of this study, therefore, is to (i) develop a quantitative 
measure of damage for unreinforced brick masonry structures, (ii) calibrate this 
damage measure to actual observed damage, and (iii) develop a design pro-
cedure for low-rise unreinforced masonry buildings that explicitly limits the 
2 
potential seismic damage to a specified tolerable level. 
Damage from earthquakes depends on the seismic loading and the struc-
tural capacity. Seismic loading, which may be described by the intensity of the 
ground motion, its sequence, duration, and frequency content, is highly 
unpredictable. It is appropriate that this should be modeled as a stochastic pro-
cess so that the uncertainty in the loading can be accounted for. The determi-
nation of the structural response, therefore, requires a random vibration 
approach. The response of a masonry building to a given loading is dependent 
on its load-deformation characteristics. Under a strong seismic loading that can 
cause damage, the load-deformation relation of masonry is nonlinear. Energy 
is also dissipated through hysteresis under repeated cyclic loading. Being a brit-
tle material, the strength of masonry deteriorates rapidly after reaching its ulti-
mate strength. Thus, to accurately predict the response to seismic loading, the 
load-deformation model for masonry should reflect the above characteristics. 
The load-deformation behavior of a masonry wall is affected by the pres-
ence of other structural components, such as out-of-plane walls and framing 
beams and columns, and by nonstructural components. Experiments on 
unreinforced concrete block walls by 'vVoodward (1086) indicate that the 
behavior of walls intersecting at a corner can be adequately predicted by consid-
ering each wall independently. The influence of' frames and nonstructllral com-
ponents on the load-deformation behavior of a wall will depend on their rela-
tive strengths and stiffnesses, and associated interaction under cyclic loading. 
In many cases, the influence of nonstructural components on the load-
deformation behavior is uncertain, and when damaged under cyclic loading, 
their effect on the overall structural behavior is nominal. In this study, damage 
will be correlated with the in-plane response of masonry shear walls without 
frames. ' 
For the damage measure to be meaningful, it has to be calibrated against 
observed seismic damage of masonry structures. For this purpose, damage data 
on unreinforced brick masonry buildings damaged during recent earthquakes in 
the People's Republic of China (PRC) are used. These are two to four-story 
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3 
residential or office buildings in which unreinforced masonry shear walls are the 
primary structural components for resisting both vertical and lateral loads. 
It has been observed that masonry buildings tend to be more severely 
damaged in the lower stories. This is clearly undesirable beca~se collapse, or 
even severe damage, to the lowe.r stories would be tantamount to the total 
failure of the entire building. Thus, not only should the overall damage be lim-
ited to a desired level, but damage should also be uniformly distributed 
throughout the building height. 
1.2 Review of Related Studies 
Masonry walls are often the vertical load-bearing as well as the lateral 
load-resisting components of a masonry structure. Hence, much experimental 
work has focussed on the shear resistance of masonry walls subjected to vertical 
and lateral loads (Benjamin and vVilliams, 1958; Scrivener, 19G9; Sinh:·1. and 
Hen¢ry, 1969; Turnsek and Cacovic, UJ70; Borchelt, 1970; vVilliams, 1971; 
Meli, 1972; Williams and Scrivener, 1973; Priestley and Bridgeman. 1974; 
Mayes et aI., 1976; Hegemier, et al., 1978; Zhu et al., 1980; vVoodward. 1986; 
Xia, et aI., 1986). The diversity in the types of masonry and methods of con-
struction is reflected in the above experimental research which includes clay 
brick and concrete block masonry, reinforced and unreinforced walls, subjected 
to monotonic and cyclic loadings. Since there is as yet no consensus on the 
most appropriate testing procedures that would give the best estimate of the 
actual shear strength, various configurations of test specimens and testing 
methods were used. Most of the researchers attempted to correlate the experI-
mentally determined shear strength with parameters such as the vertical 
compressive load, and the masonry tensile strength. vVhile quantitative rela-
tions are thus obtained for a specific type of masonry, differences in masonry 
type and testing procedures make it possible only to 0 btain general qualitative 
conclusions about the effects of various parameters on shear strength (see 
Mayes and Clough, 1975 for a review). 
4 
Yang et al. (1981) compiled extensive data on unreinforced Inasonry struc-
tures damaged during six earthquakes in the PRC. Structural dam age to walls 
was classified into five categories from collapse to no damage. The equivalent 
base shear coefficients that will induce wall shear stresses equal to the allowable 
shear stresses in the walls were calculated. Correlating the computed base 
shear coefficients with different degrees of damage, design base shear 
coefficients were obtained that will ensure no severe damage. 
1.3 Organization of Report 
Chapter 2 proposes a seismic damage model for masonry. Damage is 
represented by a damage index which is a function of the maxim um deforma-
tion and absorbed hysteretic energy. Using results from cyclic load tests, the 
necessary model parameters are obtained for unreinforced brick masonry. 
In Chapter 3. a nonlinear restoring force model for masonry is devcioped. 
The model is capable of stiffness degradation and strength deterioration ·beyond 
the ultimate load. ~1odel parameters are determined for unreinforccd brick 
masonry. Csing this model, a random vibration approach to obtain the statis-
tics of the :r.3.x:~um displacement and dissipated energy is described. 
In Ch:l~.t.e; --t, the damage indices for forty five buildings subjected to 
ground ~YlO:. :-:5 :':-crr; five earthquakes in the PRe are computed. These dam-
age indices :l:-~ C""';;O:>!:ited with the observed damages, thus establishing limits 
on the d3..-:;:lf',p .;:;~I"\ corresponding to different levels of damage. 
Chapte:- ~ 'J~'''''·.J;';S a damage-limiting design procedure based on an alter-
nate methQ~~ :'::-~~~3.~~, the damage index. Damage is expressed as the ratio of 
the seismic ;2:1: ~ ~;-.~ structural capacity. Using this method, a modification to 
the equiv~e=-.: :a:ei~ load procedure is proposed in which the base shear 
coefficient is o~~~:1ed as a function of the limiting dalnage level. The design 
method is il!us~rated with two examples. The designs based on the proposed 
method are compared with those based on existing building codes. The reliabil-
ity of the proposed design method is evaluated. 
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1.4 Summary of Notations 
restoring force model parameter 
base shear and adjusted base shear coefficient, respectively 
damage index 
component of damage caused by dissipated energy 
tolerable damage level 
ove rall structural dam age index 
component of damage caused by excessive deformation 
ultimate damage capacity 
mean maxim urn potential energy 
elastic modulus of masonry 
distribution function of the maximum displacement 
distribution function of the peak displacement 
compressive strength of masonry 
com pressive strength of mortar 
compressive strength of masonry units 
shear modulus of masonry 
equivalent linearized stiffness 
initial wall stiffness used in response analysis 
computed initial wall stiffness 
n urn be r of stories 
number of peaks in the ,£-th time interval 
restoring force and normalized restoring force, respectively 
ultim ate shear capacity of masonry 
covariance matrix 
shot noise spectral ordinate 
sum of story damage indices 
T 
Urn' Umn 
U, un 
up 
uu, Uue 
Z 
-
-
-
-
-
6 
first natural period of a structure 
predominant period of ground motion 
duration of strong ground motion 
failure deform ation 
maxim urn and normalized maxim urn deformation, respectively 
displacement and normalized displacement. respectively 
peak displacement 
ultimate and equivalent ultimate displacement respectively 
hysteretic displacement 
ratio of failure displacement to ultimate displacement 
aI' a 2 , /3, " T/, v, P 
E 
~g 
A 
Ac 
p, 
aa 
ab 
a c 
a cr 
aDult 
au, a· u 
aE 
T, Tall 
cPD 
cPi 
parameters of the restoring force model 
parameter of damage index 
gro und dam ping ratio 
ratio of kl to secant stiffness at ultimate load 
ratio of kjc to secant stiffness at ultimate load 
coefficient of friction between masonry unit and mortar 
roo t- me an-sq uare (rms) aece Ie ratio Il 
bond strength of masonry 
vertical compressive stress 
critical tensile stress of masonry 
standard deviation of ultimate dan1age index 
rms displacement and velocity, respectively 
standard deviation of absorbed energy 
masonry shear strength and allowable shear stress, respectively 
damage distribution vector 
first mode displaceme n t of the i - th sto ry 
:r 
I 
, 
1 
l 
{ 
r 
I 
7 
I 
J ¢/ - first mode interstory displacement of the i -th story 
1 
Wg - predominant ground motion frequency 
-I E[ ] - expected value J dE - cum ulative hysteretic energy 
Var[ - variance 
1 
1 
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CHAPTER 2 
DAMAGE MODEL OF MASONRY 
2.1 Introcluction 
The in-plane shear resistance of masonry walls provide the major lateral 
load resistance of most masonry structures. Seismic damage to masonry struc-
tures during an earthquake is caused mainly by shear and to a lesser extent by 
bending or overturning moment. Shear failure in masonry walls is initiated by 
cracking from diagonal tension or bond slip at the joints. Crack propagation 
eventually leads to a decrease in load carrying capacity. Hence, shear failure of 
masonry. especially of unreinforced masonry, is esse'ntially brittle. This would 
suggest that damage to masonry structures is primarily a function of the defor-
mation. In addition, under cyclic loading, masonry walls (especially those with 
reinforcement) have some ability to dissipate hysteretic energy. Masonry walls 
will fail when cyclically loaded under load control (Xia, et al., 1086), indicating 
that energy dissipation can also cause damage. 
:\ damage model for masonry is proposed expressing damage as a function 
of the m:Lximum deformation and the dissipated energy. Since masonry is 
composed of masonry units (clay bricks, concrete blocks, etc.) and mortar, the 
parameters of the damage model should be specific to the type of masonry 
construction. In this study, the damage model parameters are obtained for 
unreinforced brick masonry from test data of brick walls cyclically loaded to 
failure. 
2.2 Proposed Damage Model 
In accordance with the behavior of masonry described above, seismic dam-
age to masonry can be expressed as a function of the damage caused by 
1 
(, 
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t 
r 
:3 
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9 
excessive deformation and that due to energy dissipation. This IS expressed in 
terms of a damage index, 
or 
in which Du = 
where: Urn -
uf -
IdE -
qu -
and, E -
I dE 
and De = E--
quuf 
the maximum response deformation, 
the deformation at failure, 
the cumulative hysteretic energy, 
the ultimate shear capacity, 
a constant. 
(2.1 ) 
( 2.2) 
Equations 2.1 and 2.2 give linear and circular damage surfaces, respectively. 
Structural damage is thus expressed as a function of the response quantities urn 
and I dE and the structural parameters Uf' qu' and E. Collapse certainly 
means failure; however, under cyclic loading, walls are able to resist lateral 
loads through friction even after severe cracking (Xia, et aI., 1086), and thus 
are able to deform substantially before collapse. When this occurs, however, 
the masonry wall would have lost its integrity as a structural component 
because of severe cracking, such that any out-or-plane motion, as would occur 
in an earthquake, will easily cause total collapse. Moreover, frictional lateral 
resistance is not consistently evident in all walls tested. Hence, even without 
collapse, an unreinforced masonry wall of a low-rise structure can be considered 
to have failed when its residual lateral load resistance is mainly through fric-
tion. 
2.2.1 Determination of Damage Model Parameters 
The proposed damage model (Eq. 2.1 or 2.2) contains three parameters; 
namely, Uf, qu, and f. which have to be determined from experimental data. 
10 
Many early experimental programs involved wall specimens of varIOUS 
configurations subjected to monotonically increasing loads. Later, pseudo-static 
cyclic load tests were used to study the hysteretic behavior and degradation of 
strength and stiffness under repeated loading. However, to simulate conditions 
during an earthquake, dynamic cyclic testing is required. For examples, experi-
ments by Williams and Scrivener (1973) and !vfayes, et al. (1976) have indi-
cated that pseudo-static tests may not always produce conservative estimates of 
ultimate strength or stiffness degradation. To date, dynamic cyclic load tests 
are still not common because of the need for elaborate testing equipment. 
Ultimate Shear Capacity, CIu -- A shear wall may fail either in flexure 
or in shear. To determine the shear capacity in the flexural failure Illocie, it is 
necessary to obtain the moment capacity of a shear wall. The ability of an 
unreinforced wall to resist moments will depend on the tensile strength of 
masonry and the vertical compressive load. The tensile strength of masonry is 
small; hence, the moment resistance of an unreinforcecl wall is due mainly to 
gravity loads. Flexural failure of shear walls in low-rise unreinforced masonry 
buildings during an earthquaKe is not as common as shear failure (except in the 
top story where the compressive load is low). 
In the shear mode of failure, the ultimate shear capacity of unreinforced 
masonry is the product of the shear strength, T, and the wall area. Two analyti-
cal formulations for estimating the shear strength are 
T = O"b + f.1O"c ( 2.3) 
and 
0" cr 
( 
I 1 l ~. (2.4 ) T = 
where: O"b - the bond strength, 
f.L - the coefficient of friction between a masonry unit and the 
mortar, 
0" c - the vertical compressive stress, 
t , 
r 
l 
[ 
r-
t· ", 
r.·-
·.1 
1 
'J 
1 
I 
1 
, 
J 
I 
t 
.] 
. "1 
and, 
11 
0'" cr - the critical tensile stress of masonry, 
~ - a factor depending on the wall geometry and load distribution 
(equals 1.5 for a laterally loaded cantilever rectangular section). 
Equation 2.3 assumes that the shear strength is due to bond and friction 
between the masonry units and mortar. It gives good estimates of the shear 
strength when the mortar strength is ·low, resulting in failure along cracks run-
ning stepwise through the mortar joints. Values of O'"b and tL for brick masonry 
have been obtained by Benjamin and Williams, (1058), Zelga, (10605), Nlurthy 
and Hendry, (1966), Sinha and Hendry, (1950), Pieper and Trautsch, (1070), 
and Zhu, et al., (1980), and for concrete block masonry by vVoodward, (1086). 
Depending on the strength of the masonry units and the mortar, values of Cib 
range between 0.5 and 5.0 kg/cm 2, whereas the coefficient of friction varies 
from 0.3 to 1.0. 
Equation 2.4 assumes that failure occurs when the principal tensile stress in 
masonry exceeds a critical value (Borchelt, 1070, Turnsek and Cacovic, 1070). 
It has been observed to give good estimates of the shear strength when the 
bond between the masonry units and mortar is strong (as when the mortar 
strength is high and workmanship is good), allowing the principal tensile 
strength to reach its critical value without a bond slip. Failure is characterized 
by diagonal cracks running through both the masonry unit.') and mortar. 
Test data of cyclically loaded unreinforced brick masonry walls from Zhu, 
et al., (1980), Ref. 27, and Xia, et al. (1086) are used to obtain the paranleters 
O'"b, J.L, and 0'" cr of Eqs. 2.3 and 2.4. The test data available are for low 
strength bricks with compressive strength, fmu = 75 to 100 kg/em:? Bond 
between masonry units and mortar can be expected to depend on the mortar 
strength, water retentivity of the mortar, initial rate of absorption of the 
masonry unit, and workmanship. 
For Eq. 2.3, regression analysis gives J.L - 0.5 and 
O'"b = 0.056 (fmc) 0.8 (2.5 ) 
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Fig. 2.1 shows the variation of O"b with the mortar strength, fmo . Using Eqs. 2.3 
and 2.5, the ratio of the experimental to the calculated ultimate shear capacities 
has a mean of 1.02 and a coefficient of variation (cov) of 0.11. 
Figure 2.2 shows the variation of a cr with fmo ' 
gives 
In this case, regression 
(2.6 ) 
Using Eqs. 2.4 and 2.6, the ratio of the experimental to the calculated shear 
capacities has a mean and cov of 1.02 and 0.23, respective Iy. r\lso shown for 
comparision in Fig. 2.2 are the O"cr values obtained by Turnsek and Cacovic 
(1970) from monotonically increasing lateral load tests on cantilever walls. The 
higher values for a cr is likely to be associated with higher strength bricks 
Failure Displacement, ur, and E -- The displacement at failure, Uf1 
may be defined as a multiple of the ultimate displacement, uu, corresponding to 
quo Because of deterioration in the load carrying capacity for u > uu' especially 
for unreinforced walls, the recording of loads and displacements for u > Uu is 
difficult. Therefore, for simplicity Uf is assun1ed to be a constant multiple of 
uu' i.e., 
( 2.7) 
in which CY is a constant. The ultimate displacement, uu' may be obtained as 
( 2.8) 
where k ic is the computed initial stiffness of the wall. 
To obtain k ic ' the elastic and shear moduli of masonry, Em and G m , are 
required. The elastic modulus is a function of the elastic moduli of the 
masonry units and the mortar, and the ratio of the thickness of the masonry 
units to the thickness of the mortar joints (Sahlin, 1971). However, for practi-
I 
cal purposes, it is common to relate Em to the masonry strength, fm • For 
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brick masonry, Em may vary from 400 f~ to 1000 f~ with a mean of 700 f~ 
(Shalin, 1971), whereas the shear modulus may be assumed to be 
( 2.9) 
The factor Ac was computed for all the test data in which llu can be 
obtained; the results are summarized in Fig. 2.3, indicating a negative correla-
tion between Ac and the vertical com pressive stress (J" c' Regression analysis 
gives the relationship 
Ac = 1./ (0.052 + 0.82 (J" c/ f~) (2.10) 
For each wall specimen tested to failure (D > 1.0), the value of 0' can be 
computed for a given E. Failure was assulned to have occurred when the load 
test had to be terminated because of significant reduction in the load carrying 
capacity or when the residual lateral load resistance was largely frictional. The 
parameter! can be chosen so that ex' will have minimum variance. This gives 
ex' = 1.47 and! = 0.075 for Eq. 2.1 and ex' = 1.30 and t = 0.122 for 
Eq. 2.::. 
2.3 Ultimate Damage Index 
\\·it:. :~.e a; rropriate model parameters determined above, the damage 
index ft·,. #>~,,,~, t~~: ~pecimen can be computed using Eq. 2.1 or 2.2. The com-
puU'd:~:l~7.:l':" ~,:P).. D ult , for each test specimen is a measure of its capacity 
to re~i<:::~7· .• 1;" '" ~;e n subjected to cyclic loads. For both equations, D ult can 
be as5:';~.~.~ .- ~.P ::::stributed according to the Weibull distribution (see Fig. 
o ~) C' <; ... '" 
_."1. _ .. ~
whereas E~ 
~ .1. the mean and cov of D ult are 0.99 and 0.31 respectively, 
f:';{>5 a mean of 0.99 and a cov of 0.30. Since Eq. 2.2 does not 
seem to £IVe a ~!f.~ificantly better measure of damage (as seen from the cov of 
D u1t ) and in view of the relative simplicity of Eq. 2.1 over Eq. 2.2, the former 
will be used subsequently for the assessment of seismic damage to llnreinforced 
brick masonry structures. 
..0 
b 
---c:-. 
E 
2.0 
1.5 
1.0 
0.5 
0.0 
8.0 
~ 5.0 
t:.O 
~ 
.. 
.., 
b 4.0 
---' t:.O 
~ 
~ 3.0 
--C/J 
2.0 
1.0 
0.0 
o 10 
o 
o 
o 
14 
20 30 
:\lort::lI Strength. 
o 
l 
40 50 60 70 
Fig. ~.l Bond Strength versus iviortar Strength 
o Zhu. Xi:l.., :1l1d semI 
t> Turcsek :1l10 C:l.covic 
4 
0 
.4 )/ 00 
0 10 20 30 40 50 60 70 
i\lort:1r Strcn~th, r mo (kg/em~) 
Fig. i) " Crit.ical Tensile Strength versus ~v1 0 rt~ S trcn gth 
~ 
t·,. 
f 
t 
1. 
I::~' 
t'" 
L 
1 
[ 
l· 
I 
[ 
f" 
I 
r 
L 
L 
15 
J 
I 
0 
M 
0 
a 
.j 
a 
0 E N 
~ ci ~ ~~ u 
~ b 
a 
'fl 
.... a 
--
-' ~ ,... r.I'l 
~ r.-- '-i "'- c::..> ;, 
u 
}'. e ...-< 
1 
r 0 M 
0 0 Cl 
0 
" 
I:.D 
t a ci c..:... 
1 
a 
0 a 
0 
0 
c:: c:: ~ ~ 00 
0 ~ 0 ~ 0 
N 
1 
u 
A 
-
... 
-
1.0 
0.5 
0.0 
-0.5 [ 
-1.0 I 
-2.0 
1.0 
o c -
-0 ~ -
-1.0 
-2.0 
-1.0 
16 
o 
o 
0.0 1.0 2.0 
D u1t - 0.00 
0D = 0.31 
ult 
3.0 
1Veibull Standard Variate 
Fig.2Aa Distribution of Ultimate Damage Inuex 
defined by Eq. 2.1a 
-1.0 0.0 1.0 2.0 
D ult - 0.Q9 
0D = 0.30 
ult 
3.0 
1Veibull Standard Variate 
Fig.2.4b Distribution of Ultimate Damage Index 
defined by Eq. 2.1 b 
4.0 
4.0 
r 
I 
i 
i 
( 
( 
i 
[ 
, , [" 
l_ 
r 
L_ 
J 
1 
i 
.. J 
1 
i 
I 
f 
J 
1 
. \ 
. , 
17 
CHAP'IER 3 
DAMAGE ANALYSIS OF MASONRY STRUCTURES 
3.1 Introductory Remarks 
The damage model developed in the previous chapter is the basis for a 
seismic damage assessment method for unreinforced masonry structures. The 
assessment method should be able to account for uncertainties in the structural 
capacity as well as in the loading and response predictions. 
Since unreinforced masonry exhibits brittle load-deformation behavior and 
stiffness degradation when subjected to repeated loading, a material model 
reflecting such behavior is required. For this purpose, the non!!near hysteretic 
restoring force model of Baber and Wen (1981) is adopted. Ground motion 
will be modeled as a nonstationary filtered shot noise, and the response statis-
tics are obtained through 2:._random vibration analysis using equivalent lineariza-
tion of the nonlinear system (Atalik and Utku, 1976; \Ven, 1080). 
Since the maximum displacement and dissipated energy are the response 
quantities required in the damage assessment, methods suitable for obtaining 
the ne cessary response statistics are exam ine d. 
3.2 Damage Index Statistics 
The structural capacity of a masonry component to resist danlage is highly 
variable and may be modeled as a random variable. In order to incorporate the 
variability in the structural capacity with the uncertainty in the random 
response, the d~rnage index of a masonry component i may be represented as, 
D 
D u1t 
where: D - structural damage as defined by Eq. 2.1 
(3.1 ) 
18 
D ult = ultimate damage capacity with D ult = 1.00, (7D
Ult 
= 0.31. 
When the structural damage D exceeds the damage capacity D ult' the com-
ponent damage index D i exceeds one, indicating failure of the component. 
Assuming no correlation between the maximum displacement and the dis-
sipated energy, the mean and variance of D i are obtained using a second-order 
approximation (Ang and Tang, 1 975) as follows: 
D· = (1 + (72 ) D I D uit ( 3.2) 
and, 
Var[D d ( 3.3) 
where, 
(3.4 ) 
The statistics of Dl are thus obtained in terms of the mean and variance of the 
response quantities urn and J dE. 
3.2.1 Evaluation of Response Statistics 
In order to obtain the statistics of the response quantities urn and J dE, 
the following are required: a restoring force model for masonry, a ground 
motion model, and a method for response analysis. 
Restoring Force ~1odel for Masonry -- A restoring force model 
describes the force-displacement relationship for a structural component under 
a given loading history. The monotonic load-displacement curve (or skeleton 
curve for cyclic loading) for a masonry wall is shown in Fig 3.1. Strength 
deterioration for displacements u > uu is highly variable, depending on the 
material properties, vertical compressive load, and amount of reinforcement. 
Masonry may have residual lateral load resistance due to friction (dashed line 
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of Fig. 3.1) but this cannot be relied upon. Hence, it will be assumed that for 
u > Uu' the resistance decreases with increasing displacement. 
The restoring force model of Baber and Wen (1981) has been used to 
describe the behavior of ductile structural components (Sues, et al., 1983; Park, 
et 31.,- 1984). Since masonry is a brittle material, a modification to the above 
restoring force model is necessary to describe the strength deterioration for 
u > Uu. 
The force-displacement relationship is given by 
(3.5 ) 
in which, 
I I Ip '\ 
I u I I J u 
- au
u 
Tul (3.6 ) 
and, 
i = [ll - v(!11 II Iz - III I z D ] / (uu"Tl ) ( 3.7) 
where a 1 , a 2 , a, p , I, !1, v, and TJ are parameters. 
The first term in Eq. 3-.5 is the nonlinear, nonhysteretic component of the 
restoring force (see Fig. 3.2). Depending on the parameters aI' a, and p, it 
governs the strength deterioration for u > Uu. The second term is the degrad-
ing hysteretic component with the loading and unloading characteristics con-
trolled by I and !1, whereas the strength and stifTness degradations are con-
trolled by v and TJ. 
The restoring force IS maximum at Uu; thus, two conditions must be 
satisfied; 
qn - 1.0 at un - 1.0 (3.8a) 
and, 
dqn 
0.0 -
dUn 
at un = 1.0 (3.8b) 
where qn = q/qu and Un - u/uu· Hence, only six of the eight parameters in 
20 
Eqs. 3.5 through 3.7 are independent. 
The parameters of the restoring force model can be obtained from results 
of cyclic load tests of masonry wall components: For this purpose it is con-
venient to rewrite the parameters as 
>-, a2, a, p, (I + (3), (I - (3), LJ, and 'r]. 
The parameter >-. is the ratio of the initial stiffness to the secant stiITness at 
ultimate load. It is used in place of a l because it can be more directly 
obtained from experimental results. Through Eq. 3.5, >- is related to the other 
parameters by, 
( 3.0) 
The ratio of >-. to >-'c is equal to the ratio of the actual to the computed initial 
stiffness (see Fig 3.3), i.e., the actual initial stiITness is given by, 
(3.10) 
The two hysteretic parameters are regrouped as (I + (3) and (I - (3) which 
then characterize the restoring force during loading and unloading, respec-
tively. The influence of a z , >-., and p on the restoring force is shown in Fig. 
3.4. 
The effect of a 2 on the restoring force is evident only under cyclic loa.d-
Ing; in particular, pinching in the load-displacement curves becomes prominent 
when 0,.., is small (see Fig. 3.4a). The contribution of the nonhysterctic com-
ponent to the restoring force is large when Q 2 is small. Therefore, as the dis-
placement decreases when u < au u' the decrease in the restoring force due to 
the nonhysteretic component causes pinching. Figure 3.4 b indicates that 
although A, being the ratio of the initial stiffness to the secant stiffness at ulti-
mat.€ load, is expected to affect the restoring force for u < uu' it also has a 
significant effect on the post-ultimate ioad-dispiacement behavior. The parame-
ter p, however, affects the load-displacement behavior only in the post-
ultimate displacement range, u > Uu (see Fig. 3.4c). 
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From Eq. 3.9, the parameter Q'2 can be intepreted as the contribution 
from the hysteretic component to the initial stiffness. It is thus convenient to 
express Q'2 as a fraction of A. Pinching in the load-displacement curves results 
from the relative displacement between two parts of a masonry component 
caused by cracking. Hence, pinching is common in the load-displacement 
curves of reinforced walls failing in flexure. In this case, a value of 
Q'2 = 0.6 A to 0.8 A is appropriate. For unreinforced masonry failing in shear, 
pinching is less common. Also, from vVilliams and Scrivener's (U)73) experi-
ments on reinforced masonry failing in shear, pinching which occurred during 
pseudo-static cyclic loading was less evident under dynarnic cyclic loading. 
Hence, for masonry failing in shear, Q't) > O.gA appears appropriate. 
Having determined Q'2 in terms of A, it is then possible, for a given A, 
p , and v = TJ = 1.0, to solve for (I + (3) and a using Eq. 3.8. 
From Fig. 3.4c, it is observed that p has negligible influence on the restor-
ing force for u < uu' Therefore A can be obtained by fitting the force-
displacement relationships to experimental load-displacement points (for 
u < uu) using an arbitrary p. For unreinforced masonry, the available data 
indicate that A may vary between 3.0 and 6.0. Regression using; load-
displacement points from all test data yield a mean value of A = 5.1. 
The parameter p controls the strength deterioration for u > uu; a higher 
value of p represents more brittle behavior. Available load-displacement data 
for u > Uu show wide variation in the post-ultimate behavior. Test data for 
unreinforced masonry indicate that p may be between 2.0 and 6.0 (see Fig 
3.5). Regression using all data points gives a mean value of p = 3.3. 
The parameter (J - (3) must be negative for the unloading stifIness to be 
positive. For the range of displacements of interest (u < 2 uu), unloading 
behavior is reasonably modeled by (J - (3) = -5 p . 
It is evident from all experimental load-displacement curves that stiffness 
degradation occurs with cyclic loading. The parameter TJ is the ratio of the ini-
tial to the degraded tangent stiffnesses at zero load of the hysteretic 
22 
component. Figure 3.6 shows TJ plotted against the normalized n1aximun1 dis-
placement, indicating a linear relationship 
TJ = 1.0 + 3.6 u mn (3.11) 
Since the parameters (, + (3) and a were obtained for v = Tl = 1.0, 
Eq. 3.8 will no longer be satisfied with stiffness degradation. For most cases, 
this results in a maximum restoring force which is less than qu as seen in Fig. 
3.7 which shows an envelope curve and cyclic load-displacement curves with 
stiffness degradation. Thus it appears necessary to update (, + /3) and a 
with each change in TJ. However, this is not desirable because changing a 
alters the restoring force characteristics beyond the ultimate displacement, 
whereas the actual post-ultimate behavior may not be similarly afTected by 
stiffness degradation. Alternatively, the decrease in. the ma."xirnum restoring 
force may be compensated through the parameter v, which changes the magni-
tude of the hysteretic component. The value of v depends on the degree of 
stiffness degradation, which according to Eq. 3.11, is dependent on 11mn' Thus 
v can be give n by 
(:3.12) 
in which 
For TJ given in Eq. 3.11, the constants may be approximated by 
c1 - exp(7.73 - 2.90Vp + 2.91 lnp) 
CC) - 5.55 - 1.2TVp + 1.12 In p 
Hence for \ - 5.1 and p = 3.3, 8/1 = 0.217. \Vhen urn > uu' it is observed 
from experimental results that the restoring force, under repeated loading, is 
unable to reach qu, i.e. there is deterioration in the maxim urn restoring force 
in the post-ultimate displacement range. Hence, it is not necessary to 
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compensate for strength deterioration when U mn > 1.0. 
Figure 3.8 shows a comparison between the observed load-displacement 
curves and those described by the restoring force model using appropriate 
parameters for two test specimens. 
Ground Motion Model -- Ground motion is modeled as a zero-mean 
filtered Gaussian shot noise random process with a I(anai-Tajimi spectrum 
(3.13) 
where So is the power spectral ordinate of the stationary unfiltered shot noise 
and w is frequency. The filter parameters Wg and ~g will generally depend on 
factors such as local site conditions, distance from the earthquake source, and 
earthquake magnitude. 
To model the nonstationarity in the ground motion, its in tensity is modu-
late d by a time function given by 
(
( tj td 2 . 
'lj.;( t) = 1.0 
e -1.8 ( t - ~) / It! 
o < t < tl 
tl < t < t2 
t2 < t 
(3.11) 
in which tl = 0.15 td , t2 = 1.15 td and td is the strong; motion duration. 
Random Vibration Response Analysis -- The equation of motion of a 
single-degree-of-freedom (SDF) system under ground excitation is given by 
mu + ell + q(u) = -mxg (3.15) 
where m and c are the mass and damping, respectively, q( u) is the restoring 
force given by Eq. 3.5, and Xg is the ground acceleration. Us~ng an equivalent 
linearization procedure (Atalik and Utku, 1976; Wen, 1980), Eq. 3.6 can be 
written as 
g (u) = keu u (3.16) 
in which the equivalent linearized stiffness 
24 
(3.17) 
where o"u = YE[u2] and the integrals II and 12 are given in the Appendix. 
The variation of keu with (J" u is shown in the load-displacement curves of Fig. 
3.9. As (J" u increases, the equivalent stiffness decreases and eventually 
becomes negative. The rate of decrease in the equivalent stiffness increases 
with p. 
Similarly, Eq. 3.7 can be linearized as 
(3.18) 
in which, 
I \ 1 
Ce - (l-l; rvO"z(,Bpuz+ ,))/(Uu77 ) (3.1Da) 
and, 
(3.1Db) 
w here (J" z = Y E [ Z 2] an d p u z = E [ U z 1 / Y E [ U ~] E [ z:2] . 
The resulting linearized equations of motion may be written in matrix form as 
Y = GY+ F ( 3.20) 
in which { . '} T Y = Xg1 X g, U, u, z , 
r 
0 1 0 0 0 
l) -2~gwg 0 0 
° 
- wi 
G= 
° ° 
0 1 0 
l) 2~gwg - 01 qukeu/m -clm - °2qu/m W-g 
l ° 0 0 ce kez 
.. T .. 
and F = {O, ~g, 0, 0, o} ,where ~g is the unfiltered ground acceleration. 
This leads to the equation (Lin, 1976) 
S = GS + S GT + B ( 3.21) 
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where S = E[YY'Ij and Bij = 0 except B22 = 27r ~ t)so. 
The zero-time lag covariance matrix S is obtained by integrating Eq. 3.2l. 
Since the equivalent linearized quantities keu' ce ' and kez are functions of the 
response quan tities in S, these are updated at each integration time step. 
Extension of the above form ulation to m ulti-degree-of-freedom (MD F) sys-
tems is straightforward (see Baber and Wen, 1980). 
Since keu becomes negative when (J" u is large, E[ u2) would eventually 
increase without bound. This is analogous to the situation in a deterministic 
analysis (i.e. a response-history analysis) where the displacen1ent increases 
without bound when u » uu' 
3.2.2 Response Statistics 
Maximum Displacement Statistics -- The mean and variance of the 
maxim urn displacement, urn' are required in estimating the statistics of the 
damage function in Eqs. 3.2 and 3.3. Yang and Liu (1081) and Park, et al. 
(1984) havt' separately proposed approximate methods to obtain the distribu-
tion of the displacement peaks over a given time period; by assuming indepen-
dence b~:"t't'n the peaks, the distribution of the maximum peak is also 
obtained, p .. pc-:i:Jse both these methods estimate the distribution of the peaks 
over :hf' p~.~~,. .:~'J;~tion of interest, a decrease in the response (as, for exam-
pie. fo:; ",", '~, :~.e strong motion phase of earthquake ground shaking) will 
cause ~t.'" ~."~;. r't'ak displacement to decrease. This in turn will result in a 
decre~t' ... t~;~ calculated mean maximum displacement. However, by 
definitic:: ~;.'" ::-.:!.."(lmurn displacement cannot decrease. Therefore, in order to 
avoid t~~:~ :~.C'~-:-:SiSt.eDCy, it is proposed that the distribution of peaks be 
obtained o';er several subintervals instead of over the entire duration of 
interest. Then the distribution of the maximum displacement, assuming 
independence between peaks, is 
( 3.22) 
26 
where F~ and ni are the distribution and the nunlber of peaks in the i-th 
p 
subinterval. The number of peaks, ni' can be approximated by the mean 
number of zero crossings of the displacement time history, i.e., 
0". 
E[nJ _u (1 - P .) dt 
0" uu 
U 
( 3.23) 
where (j u = V E[ u2] and PUll = E[ uu] IV E[ u~] E[ u:2]· The distribution of 
the maxim urn displacement obtained from Eq. 3.22 will have a monotonically 
increasing mean. In order to establish the appropriate distribution for urn' 
simulation was performed for two SDr systems with properties represeIlting the 
wall sections of Fig 3.10. Wall 1 is relatively strong (C[u = l·lOk~), btlt brittle 
(p - 8.0), whereas \tVall 2 is weak (qu = GGkN), but relatively ductile 
(p - 2.0). The ground filter parameters are Wg = 15.6 rad/s and 
~g - 0.64. The root-mean-square (rms) acceleration is 0.3g. ivlonte Carlo 
simulations were performed for each \vall using 150 trials. 
From the sim ulation results, the maxim urn displacement within the time 
interval from 0 to t were plotted, for difTerent t, on probability papers (as 
shown in Figs. 3.11 and 3.12) to ascertain the appropriate distribution for urn' 
From Figs. 3.11 and 3.12, urn is seen to have an extreme value Type I distribu-
tion for small O"u (Figs. 3.11a and 3.12a), but as the response increases, urn is 
better described by an extreme value Type II distribution (Figs. :Lllb and 
3.12b). Yang and Liu (1981) have also shown through simulations that for a 
system with positive stiffness, urn has an extreme value Type I distribution. 
However, for the masonry restoring force model, there is a tendency for the 
displacement to increase when u > Uu because of decreasing stifTness. Hence, 
as Urn increases, the extreme value Type II distibution becomes more appropri-
ate. 
The distribution of the displacement peaks, up, for a narrow-band station-
ary Gaussian process is the Rayle igh distri bu tion 
F Up = 1 - exp {- ~ [ ;: r } (3.24 ) 
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In view of the sim ulation results, it is proposed that the tail of this distribution 
be modified to give a Pareto distribution as shown in Fig 3.13. Letting u t be 
the peak displacement at which the distribution changes form, the probability 
density function for u > Ut is 
(3.25 ) 
where c and k are the parameters. The requirement that the density function 
is con tin uous at u = u t gives 
c = exp ( -0.5 k2) (3.26a) 
and, 
(3.25b) 
From the simulation results, the peak displacement U t may be assumed to be 
the value of 0- u at which the equivalent linearized stiffness, keu' is zero. 
From Eq. 3.17, keu = 0 implies II = 12 • The values of o-u satisfying this 
condition were obtained for-different p, and regression gives 
u t = a Uu (1.47 - 0.33 In p) (3.27) 
Hence, when 0- u is small, the peak distribution is essentially Rayleigh and Eq. 
3.22 yields the extreme value Type I distribution for Fum. As 0- u increases, the 
Pareto tail of Fu causes Fu to approach the extreme value Type II disLribu-
p m 
tion. 
Analytical estimates of the maxim urn displacement statistics were 0 btained 
using the method of Yang and Liu (HJ81) and the method proposed here. Fig-
ure 3.14 shows the mean maximum displacement over time and Fig. 3.15 
shows the distribution of Urn just before the analytical solution becomes 
unstable (due to negative keu ). The method by Yang and Liu gives good esti-
mates of the mean maximum displacement but the extreme value Type I distri-
bu tion is inappropriate, resulting in an underestim ation of the variance of the 
maximum displacement as shown in Fig. 3.15. 
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Hysteretic Energy Statistics -- The covarIance matrix S does not yie ld 
statistics for the hysteretic energy. Since 
( 3.28) 
an additional equation (for each degree of freedom) 
(3.~9) 
is integrated along with Eq. 3.21 to give the mean of J clEo 
To obtain the variance of the hysteretic energy, ad, at time t, a double 
integration of certain elements of the two-time covariance matrix S(s,v), 
where s, v <t, is required (Pires, et aI., 1983). For this integral to be accu-
ratelyevaluated, S(s,v) must be computed for sufficently small time intervals 
ds and dv. Hence, in the response analysis, about 80 to 90 percent of the com-
putation involves the evaluation of O"~. Figure 3.16 shows the contribution of 
the variance in the hysteretic energy to the total varianc.:e of the damage index 
for different system periods T. It can be seen that tllis contribution is small 
(less than ~CC in most cases); hence ') 0" E may be a p pro x i rn ate d 0 rev e n 
neglected. F:;~re 3.17 shows the variation over time of the cov of the hys-
teretic energy, ,'E' for several systems. It appears that a~ decreases with time, 
and incre3Se5 v. ith the period of the system. It is also fairly constant for all 
degrees of if Pi": , .. In \fDF systems. Regression gives the empirical relation 
( 3.30) 
w he re t is ~., ~~~. ~. 5~(~JnJs. and T is the system period. Using this approxirna-
tion to 0 tu .. ~. :--"':iuces the computing time substantially with negligible 
error In the \ a:-, _l.~ •• ."., ~ ~~e damage index. 
3.3 Overall Damage Assessment 
In a multistory structure, it is desirable to have an overall indicator of 
damage. This overall damage index should reflect the effect of a story's dam-
age on the total damage of a structure and the distribution of damage among 
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the stories of a building. Assuming that the story damage distribution would be 
proportional to the distribution of the potential energy, an overall structural 
damage index can be defined as the sum of the story damage indices, each 
weighted by the maximum potential energy of the story, i.e., 
(3.31 ) 
in which Wi = epi/I:epi' where epi is the mean maXImum potential energy of 
J 
the i-th story. Observe that in a multistory building, Wi will generally be 
greater for the lower stories because of higher latcral loads, unless thcre is 
damage concentration in a particular story. 
The mean maximum potential energy is obtained by integrating the first 
te:-m in Eq. 3.5, giving 
in which x -
_au_
u 
_ ( 11-x I P ( I-x) - 1) ] 
P + 1 
x < 2.0 
(3.32) 
x> 2.0 
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Displacement 
Fig;. 3.1 iYlonotonic Load-Displacement Curve for ~vlasonry 
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CHAPTER 4 
CALIBRATIOt~ OF TIrE D.Al'V--LAGE Il'IDEX 
4.1 PUrpa3e of Calibration 
The damage index for masonry has been defined such that D > 1.0 
represents failure, i.e., total loss of structural integrity, whereas D = 0.0 
represents no damage. I-Iowever, for practical purposes, intermediate values of 
the damage index must be related to actual levels of damage. For this purpose, 
it is necessary to calibrate the damage index with observed damage from past 
earthquakes. Forty five low-rise unreinforced brick masonry buildings damaged 
during five recent earthquakes in the PRe are used in this calibration process. 
4.2 Building Damage Data 
The buildings selected for the calibration of the damage index are those 
whose damage can be attributed primarily to ground motion. Buildings that 
were damaged by ground subsidence or pounding from adjacent buildings were 
excluded. Also, buildings with irregular floor plans such that torsional effects 
could be significant were also not considered. From about 90 buildings whose 
structural detruls and damages are documented, 45 were selected for the calibra-
tion. The list of these buildings with a brief description of the respective type 
and degree of damage is given in Table 4.1. 
The selected buildings are unreinforced brick masonry structures damaged 
during the 1965 Wulumuqi earthquake, the 1966 Dongchuan earthquake, the 
1969 Yangjiang earthquake, the 1970 Tonghai earthquake, and the 1975 
Haicheng earthquake in the PRe. Structural details and results of damage sur-
veys are available in Yang, et al. (1981), and in Ref. 26. 
The 1965 Wulumuqi earthquake, with a Richter magnitude of 6.7 and a 
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focal depth of between 40 to 50 km, occurred about 20 km east of Wulumuqi 
city in Xinjiang Province. Situated in the river valley of the Wulum uqi River, 
the city rests on about 10 m of clay or sandy clay overlying co bble or gravel. 
Most IDasonry structures in the city were 2 to 3-story residential buildings, 
schools, or offices. Some were designed for ground motion equivalent to 
(Chinese) intensity 7, which was the maximum ground motion intensity experi-
enced during this earthquake. Fifteen buildings that were damaged during this 
earthquake were analysed. 
The 1966 Dongchuan earthquake, with a magnitude of 6.5 and a focal 
depth of 10 km, occurred 13 km north of Dongchuan city in Yunnan Province. 
Most masonry buildings in this area were 2 to 4 stories, and were not designed 
for earthquake resistance. A distinguishing feature of the damage to masonry 
buildings in this area is that greater damage is observed in the upper stories of 
some buildings. Two buildings damaged during this earthquake were analysed. 
The 1969 Yangjiang earthquake, of magnitude 6.4 and a focal depth of 5 
km, occurred about 20 km south-west of Yangjiang city in Cuangclong Pro-
vince. The ground motion---was primarily in the north-south direction. Nlost 
masonry buildings in Yangjiang were 2 to 3 stories with solid or cavity walls and 
floors of reinforced concrete or timber overlaid with masonry slabs. An exte-
rior corridor supported by masonry columns is common in most buildings. 
Seven buildings, most of which experienced only minor damage, were 
analysed. 
The 1970 Tonghai earthquake in Yunnan Province, having a magnitude of 
7.7 and a focal depth of 13 km, occurred along a fault break roughly 
corresponding to a section of the Qu flver. Masonry buildings in the area 
affected by the earthquake were few. Three severely damaged or collapsed 
buildings in Eshan city (intensity 9) were analysed. Damage to these buildings 
can be attributed to low mortar strength. 
The 1975 Haicheng earthquake in Liaoning Province, having a magnitude 
of 7.3 and a focal depth of 16 km, occurred near a densely populated and 
46 
heavily industrialized area. The masonry buildings in the areas affected by the 
ground motion were not designed for earthquake resistance. In Haicheng city 
(intensity 8 to 9) the most common damage to masonry buildings were diago-
nal tension cracks in the walls, separation and displacement of cracked wall seg-
ments, and partial collapse of walls. Eighteen buildings in the cities of 
Haicheng, Yinkou, Pailou, and H uaji were analysed. 
4.2.1 Structural and Ground Motion Parameters 
The main lateral load resisting components of the masonry buildings 
selected for analysis are unreinforced masonry shear walls. \Vall thickness is 
governed by the size of the brick units and are usually 37 cm for exterior walls 
and 24 em for interior walls. The strength of brick units in most parts of the 
PRe is 100 kg/cm 2 and this was assumed in the analysis unless indicated other-
wise by the damage data. Mortar strength estimated during site damage sur-
veys, ranging from 10 to 50 kg/cm 2 , were used in the analysis. In estimating 
the stiffnesses of walls, the effect of openings was considered, assum ing win-
dows to be 1.4 m high, positioned at 1.0 m above the floor level, and doors are 
assumed to be 2.0 m high. 
The dead loads are estimated assuming 2.4 t/m 3 for concrete, 1.8 t/m 3 for 
brick masonry, and 0.8 t/m 3 for timber. Live loads are assumed to be one half 
the nominal values which are 0.1 tim'? for roofs, 0.2 tim'? foor residential build-
ings, schools, and hospitals, 0.25 tim'? for offices, 0.375 tim'? for shops, and 0.5 
t/m 2 for assembly areas. The structural damping is assumed to be 4 percent of 
critical. 
Since recorded ground motion is not available, it is estimated from 
observed intensity. Reference 8 gives the following relation between mean 
peak acceleration, 3.p (cm/s2 ) , and intensity, I, 
logIO ~ = 0.3 I ( 4.1) 
This equation is based mostly on data for I < 7 , with limited data for intensity 
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8. Therefore, extrapolation to higher intensities can be erroneous. For exam-
ple, it would indicate a mean peak acceleration of 4.1 g for intensity 12, which 
IS not realistic. Therefore, Eq. 4.1 shouid be limited to I < 7; for I > 7 the 
logIO ~ = 2.1 + 0.2 (.I - 7) (I > 7) ( 4.2) 
Equation 4.2 would give 2-p = 1.3 g for I = 12. Assum ing that the ratio of 
peak ground acceleration to rms acceleration, (j a' is 3.0 (Sues, et al., 1083), the 
shot noise power spectral ordinate, so, can be obtained fronl 
(4.3) 
The predominent period of the ground motion, from which Wg is computed, 
and the duration of the strong motion phase are obtained from Hu (1084) and 
summarized in Table 4.2. The parameter t; g is assumed to be 0.60. 
For buildings with cast-in-piace reinforced concrete floor slabs, all struc-
tural walls in a story are assumed to have the same displacement; whereas for 
buildings with precast reinforced concrete floor slabs or tim ber floors, indivi-
dual walls are assumed to respond independently of each other. 
Where the direction of ground motion is known, or where the damage is 
prim arily in walls in one direction, the building was analysed in that direction 
only. However, in those cases in which damage was equally evident in both 
directions, or where the ground motion direction cannot be ascertained, the 
building was analyse d for both principal building dire ctions. In te raction 
between walls perpendicular to each other was not considered. 
The damage index for each building was evaluated at time td beyond the 
end of the strong motion phase, i.e. at time 2.15 td (see Fig. 4.1). The increase 
in the damage index beyond this point should be negligible bE-cause of the 
decrease in the ground motion intensity. In general, the damage index at time 
2.15 td is about 5 to 20 percent higher than that at the end of the strong motion 
phase. 
48 
The uncertainty in the damage index is due to the ground motion (as 
reflected in the variance of the maxim un displacement and the dissipated 
energy) and the structural capacity. Since material and workmanship between 
stories may be assumed to be highly correlated, the story damage indices 
should also be highly correlated. Hence, the variance of the overall dan1age 
index is obtained by assuming perfect correlation between the story damage 
indices. 
4.3 Results of Damage Analysis 
The overall damage indices for the buildings analysed are given in Table 
4.3 together with the corresponding observed degree of damage. Figure 4.2 
shows the story dam age indices for a few typical buildings. 
In general, the distribution of damage among the stories in a building is 
not uniform. For a building with a fairly uniform distribution of stiffness and 
mass, the lower stories tend to sustain greater damage. This is to be expected 
as there are higher lateral loads and hence greater displacements and dissipated 
energy in the lower stories. Accordingly, higher damage indices are also indi-
cated for the lower stories (Figs. 4.2a through 4.2e). However, the damage 
data indicate that a number of buildings were more severely damaged in the 
higher stories. This may be attributed to two main reasons: (i) When a story is 
structurally weak, 'chunage will be concentrated in that story as observed in 
Buildings vV9, W14, D5, HP25, and HP27. For Building VV9, some interior 
transverse walls on the upper stories were only half as thick (12 cm) as the 
same walls on the first story. For Buildings vV14, D.S, and HP27, the upper 
stories had lower mortar strengths than the lowe~r stories, and for Building 
HP25, the mortar strength was high (50 kg/cm 2) but it was observed that the 
bond between brick and mortar on the second story was poor, perhaps due to 
poor workmanship. In the analysis of these buildings, a smaller \vall area or a 
lower mortar strength resulted in lower stiffness and ultimate strength, and 
hence a higher damage index (Figs. 4.2f, 4.2h and 4.2i). (ii) A large mass on 
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the top story. For most structures, the mass of the top story is smaller than the 
masses of the other stories because of lower live load and in some cases a 
thinner slab. However, buildings in the areas affected by the Wulumuqi and 
Haicheng earthquake have a thick layer of insulation (20 to 25 cm of coke or 
foam concrete) on the roof. This increases the inertial lateral load and results 
occasionally in a more uniform distribution of damage; whereas in other 
instances, results in greater damage to the top story. This is observed in Build-
ings W3 and WI 1 (Fig. 4.2g); also the higher damages on the upper stories of 
Buildings W9, W14, HP25 and HP27 are due in part to this factor. 
It is worth observing that buildings with a distribution of stiffness and mass 
that corresponds to an approximately linear mode shape tend to have a fairly 
uniform distribution of damage among the 'stories (see Figs. 4.2j and 4 .2k). 
This is expected since damage to masonry is governed mainly by the maximum 
displacement, and for low-rise structures, which respond mainly in the funda-
mental vibration mode, a linear mode shape would indicate uniform interstory 
displacements. In addition, uniform distribution of damage also requires the 
ratio of story strength to stiffness to be fairly constant so that damage does not 
concentrate in a weak story.- . 
When the damage index, D, is less than unity, the variance In D is due 
mainly to the variance of the structural capacity (cov = 0.31). Hence, the cov 
of D, and the cov of D s' ODs' does not vary much; having values between 0.30 
and 0.35 (see Table 4.3). However, as the maximum displacement, urn' 
increases, the variance of U m increases and contributes more to the variance of 
the damage index. Since the distribution of um is Type II extreme, its variance 
can, with increasing U m , eventually become indeterminate. This is observed in 
one of the interior longitudinal walls of Building HP27 where Urn for the second 
story exceeds uu' and the variances of um and D for this story are indeter-
minate. 
The results summarized in Table 4.3 is also shown graphically in Fig. 4.3. 
The damage index is seen to incre ase with the severity of the 0 bserved 
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damage. This is also evident from Fig. 4.4 which shows the mean and standard 
deviation of the damage indices for various degrees of damage. However, for a 
given degree of damage, buildings located in a low intensity area tend to have 
smaller damage indices. For example, for moderately damaged buildings, all 
buildings with D 5 < 0.2 are in areas with intensity 7 (Wulum uqi or Yangjiang), 
whereas the two buildings in an intensity 9 area (Huaji) have higher damage 
indices. The damage index for a given degree of damage should, however, be 
independent of the ground motion intensity. This dependence of D s on the 
intensity may be caused by estimating the rms acceleration for response analysis 
from intensity, which is a measure of the severity of ground motion based on 
the overall observed damage in an area, but does not represent actual ground 
motion at a building site. For example, in a low intensity area, where most 
buildings have only minor damage, some buildings may be severely damaged 
from ground motion that is more severe than in the rest of the area. Response 
analysis for these severely damaged buildings, using rms acceleration estimated 
for the low intensity area, would underestimate the damage index. Therefore, 
in intepreting the results in Table 4.3 and Fig. 4.3, it would be more meaning-
ful to consider only buildings with severe damage in the higher intensity areas 
and buildings with minor damage in the lower intensity areas. 
Figure 4.5 plots the cumulative distribution function (CDF) of Dg for 
severely damaged buildings in areas with intensity > 8 ... From Figs. 4.4 and 
4.5, an overall damage index of D s < 0.25 may be considered to represent 
repairable damage, whereas D g > 0.25 represents severe, irrepairable damage. 
Figure 4.5 indicate that for severe damage, the probability of D g > 0.25 is 
about 80 percent. 
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Building 
Designation 
WI 
W2 
W3 
W4 
W7 
W8 
W9 
\\'10 
\\-'11 
\\'1~ 
\\'13 
W14 
W15 
W17 
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Table 4.1 Building Damage Description 
No. of 
Stories 
2 
2 
2 
2 
4 
3 
3 
3 
3 
3 
3 
Brief Description of Damage 
Diagonal tension cracks in- interior transverse walls; cracks 
more severe in first story; maximum crack width about 8mm. 
Diagonal tension cracks in longitudinal walls; horizontal cracks 
above doors in interior longitudinal walls 
Diagonal tension cracks in east end wall. Inclined or vertical 
cracks in interior longitudinal walls. 
Horizontal cracks in exterior longitudinal walls; diagonal ten-
sion cracks in most transverse walls on second story. Minor 
damage on first story. 
Longirudinal walls undamaged. Diagonal tension cracks in end 
walls on first story . 
No observed damage. 
No observed damage. 
Shear cracks in most transverse walls in lower stories; second 
story more severely damaged; maximum cracks width about 3 
cm. V-shaped cracks around windows in exterior longitudinal 
walls;--.diagonal tension cracks 10 longitudinal walls on lower 
stories. 
No observed damage. 
Diagonal tension cracks in most transverse walls; damage more 
severe in second story. Separation at joint between longitudinal 
walls and some transverse walls on second story. 
Diagonal. tension cracks in transverse walls; cracks more severe 
I on first story and at ends of building. Horizontal cracks in end I walls below roof leveL 
- Prominen t cracks in end walls and transverse walls at staircase. 
I Hairline cracks in other walls. 
Diagonal tension cracks lD most transverse walls on lower 
stories; damage more severe on second story . 
Hairline cracks in all walls. 
No observed damage. 
Building 
Designation 
WI8 
D2 
D5 
Y6 
Y7 
YIO 
Y18 
Y19 
Y21 
Y24 
T5 
T6 
No. of 
Stories 
3 
2 
4 
2 
2 
2 
3 
2 
2 
2 
2 
2 
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Table 4.1 (contd.) 
Brief Description of Damage 
No observed damage. 
Horizontal cracks above openings in corridor longitudinal walls 
on second story. 
Damage more severe on upper stories and at ends of building. 
Diagonal tension cracks in transverse walls on upper stories. 
Separation between transverse and longitudinal walls at joint. 
Horizontal cracks around openings in longitudinal walls. 
No observed damage. 
Curved cracks at top of all transverse walls, especially In end 
walls. 
Short hairline cracks around most openings, mostly on the first 
story. 
Diagonal tension cracks in longitudinal wall pIers between 
openings. Inclined or vertical cracks below windows at both 
ends of longitudinal walls on all stories. Curved cracks at top 
of end walls. 
Hairline cracks in end walls. 
(6 buildings with the same floor plan) Vertical or inclined 
cracks around openings in front walls. In two buildings, exte-
rior corridor wall inclining outwards; splitting cracks at arches 
and in west end wall on first story. 
Collapse of portions of north-west corner walls and front wall 
on second story; exterior walls buldging outwards by 40 cm; 
diagonal tension cracks in all transverse walls in lower story; 
severe cracks in all other walls. Cracks observed on ground; 
crack width up to 5 cm. 
Collapse of west half of building and east end exterior longitu-
dinal walls. Displacement of south-west comer of wall founda-
tion. Severe diagonal tension cracks In transverse walls. 
Separation and displacement of cracked wall segments. 
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Building 
D esh:;nation 
HHC2 
HHC3 
HHC8 
HHCll 
HHC13 
HHC14 
HY16 
HY19 
HY23 
HP25 
HP26 
No. of 
Stories 
2 
3 
2 
2 
2 
2 
2 
3 
3 
2 
2 
2 
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Table 4.1 (contd.) 
Brief Description of Damage 
Collapse of all walls except end walls of first story. 
Diagonal "tension cracks in all walls. West end wall on the verge 
of collapse; separation and displacement of cracked transverse 
walls; less severe damage in upper stories; longitudinal walls 
inclined outwards due to displacement of transverse walls. 
Diagonal tension cracks in all transverse walls on bottom story; 
large separation and displacement of cracked wall segments; 
horizontal or inclined cracks at corners of openings in interior 
longitudinal walls. Less severe damage on second story. 
Severe diagonal tension cracks in all transverse walls on first 
story and in interior longitudinal walls. Less severe damage on 
second story. 
Minor diagonal tension cracks in interior longitudinal walls. No 
da..rnage on second story and in first story interior transverse 
walls. 
Hairline cracks under a few windows and In corner rooms on 
second story. 
Short hairline cracks at openings. 
Crack at top of third story wall in west unit of building. 
Horizon tal and diagonal tension cracks In transverse walls in 
lower stories. Diagonal tension cracks in end wall of confer-
ence room on third fioor. Most longitudinal walls were undam-
aged. 
Hairline cracks above a few openings. 
Diagonal tension cracks In some longitudinal walls. Severe 
diagonal tension cracks in all transverse walls; separation and 
displacement of cracked wall segrnen t.s; portion of walls falling 
apart. Longitudinal wall inclined outwards with break in wall 
below window level on second story due to displacement of 
transverse walls. Partial collapse of corner wall::. Damage 
more severe in second story. 
Diagonal tension cracks in first story longitudinal walls and In 
transverse walls; Almost no damage on second story. 
Building 
Designation 
HP27 
HP28 
HHJ29 
HHJ30 
HHJ31 
HHJ32 
HHJ33 
No. of 
Stories 
3 
3 
2 
3 
2 
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Table 4.1 (contd.) 
Brief Description of Damage 
Diagonal tension cracks in wall piers between windows on lower 
stories and in end walls; diagonal tension and horizon tal cracks 
In interior longitudinal and transverse walls; damage more 
severe in second story. Almost no damage on third story. 
Diagonal tension cracks in longitudinal walls and corridor walls 
in central portion of first story. 
Hairline inclined cracks in walls on first story; diagonal tension 
cracks in end walls. No damage on second story. 
(Same floor plan as HHJ29) Severe diagonal tension cracks In 
all first story walls. Minor damage in upper stories. 
(15 buildings with the same floor plan) Diagonal tension cracks 
in all walls. Prominent separation and displacement of cracked 
walls segments. Some wall corners falling apart. Some longitu-
dinal walls inclined from the vertical by 4 cm. 
(6 buildings with the same floor plan) Minor horizon tal and V-
shaped cracks at corners of openings in exterior longitudinal 
walls. Diagonal tension cracks in end walls, some transverse 
walls and corridor walls. 
Severe diagonal tension cracks in first story exterior longitudi-
nal walls and one end wall. No d3.lllage on second story. 
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Table 4.2 Ground Motion Parameters 
EARTHQUAKE 
City 
WULUMUQI 
Wulumuqi 
DONGCHUAN 
Dongch uan 
YANGJIANG 
Yangjiang 
TONGHAI 
Eshan 
HAICHENG 
Haicheng 
Yinkou 
Pailou 
Huaji 
Intensity 
( Chinese 
Scale) 
7 
8 
7 
9 
8 - 9 
7 
9 
9 
Epicentral 
Distance 
(km) 
50 
13 
20 
45 
17 
43 
5 
5 
Predominent 
Period 
(sec) 
0.15 - 0.3 
0.15 - 0.2 
0.15 - 0.2 
0.15 - 0.3 
0.3 - 0.7 
0.4 - 0.7 
0.2 - 0.5 
0.2 - 0.5 
I 
Strong 
Motion 
Duration 
(sec) 
10 
5 
5 
12 
10 
15 
7 
7 
I 
Building 
Designation * 
WI 
W2 
W3 
W4 
W7 
W8 
W9 
WIO 
Wll 
W12 
WI3 
W14 
W15 
W17 
W18 
D2 
D5 
vc 
1. u 
Y7 
YI0 
Y18 
Y19 
Y21 
Y24 
T5 
T6 
'T7 
HHC2 
HHC3 
HHC8 
56 
Table 4.3 Degree of Damage and Ds 
Degree Longitudinal Transverse 
of Damage -
Ds c5D s Ds c5D s 
Severe 0.129 0.299 0.286 0.298 
Moderate 0.185 0.304 
Moderate 0.166 0.302 0.156 0.303 
Moderate 0.155 0.302 
Sligh t 0.067 0.311 
Sligh t 0.105 0.305 
Severe 0.173 0.306 0.183 0.302 
Sligh t 0.104 0.299 
Moderate 0.189 0.308 
Severe 0.277 0.301 
Moderate 0.158 0.308 
Severe 0.189 0.306 
Moderate 0.131 0.301 0.095 0.304 
Sligh t 0.085 0.313 
Sligh t 0.100 0.303 
Minor 0.154 0.308 
Severe 0.220 0.315 0.138 0.310 
Sligh t 0.063 0.314 
Minor 0.064 0.317 
Minor 0.047 0.305 
Minor 0.108 0.305 
Minor 0.136 0.312 
Minor 0.107 0.309 
Minor 0.139 0.317 0.098 0.318 
to Severe 
Severe 0.680 0.306 0.597 0.302 
Partial 0.691 0.307 0.623 0.306 
Collapse 
Collapse 0.823 0.311 
Severe 0.407 0.304 0.360 0.299 
Severe 0.585 0.340 
Severe 0.293 0.300 0.154 0.310 
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Table 4.3 (contd.) 
Building Degree Longitudinal 
Designation • of Damage -
Ds 
°D • 
HHC11 Minor 0.291 0.305 
HHC13 Sligh t 
HHC14 Sligh t 
HY16 Minor 0.103 0.300 
HY19 Moderate 
HY23 Sligh t 0.101 0.300 
HP25 Severe 
HP26 Severe 0.324 0.303 
HP27 Severe 0.963 -
HP28 Minor 0.288 0.306 
HHJ29 Minor 0.397 0.313 
HHJ30 Severe 0.480 0.328 
HHJ31 Severe 0.318 0.298 
HHJ32 Minor 0.344 0.300 
to Moderate 
HHJ33 Moderate 0.364 0.302 
* Building Designation 
Prefix Earthquake City 
W Wulumuqi Wulumuqi 
D Dongchuan Dongchuan 
Y Yangjiang Yangjiang 
T Tonghai Eshan 
HHC Haicheng Haicheng 
HY Haicheng Yinkou 
HP Haicheng -no ., rallOU 
HHJ Haicheng Huaji 
Number corresponds to building number in Yang et 21., {1981} 
Transverse 
Ds DO 
• 
0.181 0.299 
0.110 0.305 
0.072 0.311 
0.389 0.297 
0.601 0.344 
0.368 0.308 
0.450 0.329 
0.241 0.306 
,... ~1"\1 n ')n~ 
U.'>UJ. v.ovv 
0.378 0.306 
0.303 0.309 
0.244 0.302 
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Table 4.3 (contd.) 
** Degree of Damage (From Yang, et al., 1981) 
Degree 
of Damage 
Collapse 
Partial Collapse 
Severe 
Moderate 
Minor 
Slight 
Damage 
Description 
Complete collapse of building; complete collapse of some upper storys; 
collapse of more than 75 percent of building. 
Complete collapse of exterior longitudinal walls; collapse of top story of 
buildings with timber floors; collapse of more than 25 percent of build-
ing. 
Severe cracks in walls; prominent separation and displacement of 
cracked wall segments; portions of floors may have fallen apart; build-
ing may have to be demolished or requires extensive repairs to be ser-
viceable again. 
Cracks in main structural components at JOInts; severe damage or col-
lapse of nonstructural walls or secondary structures; damage is repair-
able. 
Main structural components are essentially undamaged; hairline cracks 
in walls or floors; damage to parts of secondary structures; damage has 
little efT ect on normal functioning of building; requires only minor 
repalI's. 
Essentially no damage to structural or nonstructural components; minor 
cracks at openings, wall corners, architectural components etA:.; cracking 
of plaster. 
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td = strong motion duration 
D z = 0.139 
Dl = 0.160 
D. = 0.155 
T5-EL 
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Fig. 4.1 Intensity Time Function 
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CHAP'IER 5 
DAMAGE -LIMITING DE:sIGN OF N1A.SONRY BUILDINGS 
5.1 Introduction 
The aim of aseismic design is to prevent catastrophic collapse of a structure 
during a severe earthquake, but to allow some level of damage; otherwise con-
struction cost will be prohibitively high. For masonry structures, severe dam-
age to a lower story will render the higher stories unserviceable, even though 
the higher stories may not have suffered much damage. Therefore, it is also 
desirable that damage shoulct not be concentrated in any particular story, but 
should be uniformly distributed among the various stories. 
For design purposes, a simpler method (than that involving nonlinear ran-
dom vibration) is proposed to estimate the story and overall dam age indices of 
a structure. In this latter Ipethod, the damage index is obtained as a function 
of the seism ic load and the structural resistance. The seismic load is expressed 
in terms or tht" rms acceleration, the strong motion duration, and the predom-
inan t ~,P:-i d or the ground motion, whereas the structural resistance is 
ex pres~~ ~ ; ~ ~~:-::: ~ of the strength and stiff ness of the structure. 
To ::=.~ :~." damage and to prevent damage concentration, a modification 
to the eq'...::\:\..,.r,~ :~ral load procedure, currently used in many building codes, 
is propo~~'~. 1: ;a!"~icular, this modification involves the determination of the 
base she a: c "" ~~ :':~ n t as a function of the limiting damage level. The potential 
dam age waf,:. \e n design is evaluated using the proposed method for estimat-
ing the ove ra.l; da.::lage index to ensure that it is less than the tolerable damage 
leve 1. 
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5.2 Simplified Procedure for Estimating Damage Index 
5.2.1 Distribution of Damage 
The damage index as defined by Eq. 2.1 consists of two terms: D U' a func-
tion of the maxim urn displacement, and D e1 a function of the hysteretic 
energy. If the ratio of D u to De is constant for all stories, the damage distribu-
tion vector ¢>D will have elements given by 
D· Dui Umi/uui 
cPDi 
1 (5.1 ) 
- N - N - N 
~ D j ~ Duj ~ um/uuj j-l j-l j-l 
where N is the number of stories. Since the response of a low-rise multistory 
building is dominated by the first mode of vibration, the vector of story max-
im um displacements can be expected to be proportional to the interstory first 
mode displacement vector ¢>', i.e., 
for i = 1, ... , N (5.2) 
where c is a constant, and cPi is the first mode displacement of the i -.th story. 
Therefore, the story damage index, D i' is a function of cP( and uui. From the 
damage index distribution of two to five-story structures, D i is observed to be 
approximately proportional to the square of the ratio of cPi' to uui' Le., 
( 5.3) 
Equation 5.3 implies that a building with constant story height and linear mode 
shape (cP; = constant) will have uniform distribution of damage, provided Uu 
is constant (i.e., the ratio of the ultimate strength to the story stiffness is con-
stant) for all stories. Figure 5.1 indicates that the damage distribution of struc-
tures with a linear mode shape and constant Uu for all stories is fairly uniform, 
with slightly higher damage indices in the lower stories. If a more accurate esti-
mate of the story damage index is desired, Eq. 5.3 can be modified to give 
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where n~i is given in Table 5.1. The damage distribution vector ¢>D is then 
( ¢t/Uui)2 
¢>Di = (5.5a) 
or 
¢Di -
N I ~ (¢j/uuj)2 
j-I 
( ¢/) n~l/uJi 
N ~ (¢;)n~J/uJj 
j-I 
( 5.5 b) 
Figure 5.2 compares the damage distribution 0 btaine d through the random 
vibration method and Eq. 5.5 when uuI is varied, indicating that Eq. 5.5 is rea-
sonably accurate for practical purposes . 
5.2.2 Estimation of Damage Index 
Seismic damage to a structure is a function of the seismic load and the 
resistance of the structure. Therefore, the damage index can be expressed as a 
ratiO of the seismic load to the structural resistance. The seismic load may be 
described by the intensity of the ground motion, its duration and frequency 
content, whereas the structural resistance may be described by the strength and 
stiffness of the structure. 
The intensity may be specified by the rms acceleration, (J' a' during the 
strong motion phase. The duration of the ground motion can be represented 
by the duration of the strong motion phase, td , and the frequency content can 
be characterized by the predominant period, Tg , of the ground motion relative 
to the structural period, T, of the structure. 
The stiffness of the structure can be described by its fundament~.l period. 
For a SDF system, its strength can be described by its ultimate strength, qu, or 
by its ultimate displacement, uu, since the two are related by Uu = Aqu/ki. 
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Therefore, the damage index of a SDF system can be written as 
( 5.6) 
in which L and R are load and resistance functions. Figure 5.3 show the vari-
ation of D with (J" a.' td, T, and Uu for a SD F system. This figure indicates that 
the load and resistance functions can be given by 
(5.7 a) 
(5.7b) 
where cl and cr are constants, fT, is a function of T/Tg, and nI' nt) nT and nu 
are exponents to be determined. Since the damage index is dimensionless and 
the four variables (J" a' td, T and Uu have units of length and time, the following 
relations between the exponents should be satisfied: 
( 5.8a) 
(5.8b) 
For a SDF system. the exponents nl = 1.825, nt = 0.35, nT = -3.3, and 
nu = 1.8~5 are appropriate. Similar results were obtained by Park, et al., 
(1984) ior reiniorced concrete, in which nl = 1.5 and nt = 0.5. 
Toe above method ior estimating the damage index for a SDF system can 
be readily extend~d to ~fDF systems by assuming that a relation similar to Eqs. 
5.6 through 5.S 3.;:plies to the sum of the story damage indices, i.e., 
( 5.9) 
in which c~ is a lOOSt.a..nt and uue is an equivalent ultimate displacement. From 
the observed varia.!.ion or SD with uui' the equivalent ultimate displacement can 
be obtained as the sum of the story ultimate displacements, each weighted by 
the corresponding element in the damage distribution vector, i.e., 
N 
u ue = ~ uui cPDi ( 5.10) 
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From a study of the variation of SD for one to five-D OF systems, the appropri-
ate exponents for N-story buildings are 
nt = 0.35 
nT = -3.40 + O.ION 
and 
(5.lla) 
(5.llb) 
(5.llc) 
assuming fT = 1.0. Equations 5.9 through 5.11 apply for the following ranges , 
of the load and resistance parameters: 
0.035 g < (J" a < 0.14 g 
1 
'3TL < T < TL 
5.0 sec < td < 20.0 sec 
0.35 cm < uu < 1.4 cm 
in which TL = 0.04 ( 4 + r~) sec In addition, SD obtained using Eqs. 5.9 and 
5.11 is accurate only when none of the damage indices exceed 0.7; otherwise 
SD will be underestimated. This is because as the story damage index 
increases, and the story· stiffness decreases, the damage index increases at an 
incre asing rate. 
Figure 5.4 show the variation of the damage index with T/Tg, for several 
systems. For each system, Tg is varied between 0.2 sec to 0.8 sec, covering the 
range of predominant periods for ground motions between rock and soil sites. 
The damage index increases to a maximum at about T/Tg = 0.55 and then 
decreases as T/Tg increases further. The maximum damage index is not 
obtained when TjTg is equal to 1.0 because T is only the initial structural 
period. .A.s the damage index increases and the stiffness decreases, the struc-
tural period increases. Therefore, a structure with T equal to Tg will be past 
the point of resonance, and its response will decrease, as its period increases. 
On the other hand, a structure with T < Tg will approach resonance as its 
period increases. Since Eq. 5.11 is obtained for T/Tg ranging from 0.20 to 0.73 
and the damage index is not much affected by Tg over this range, the function 
fT can be given by g 
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{
1.0 ; 
fT = 
, 1./( 0.80( T /Tg) + 0.44) ; 
T/Tg < 0.70 
T/Tg > 0.70 
( 5.12) 
The function fT, is also plotted in Fig. 5.4. Figure 5.5 shows the results for SD 
obtained using Eqs. 5.9 to 5.12 versus those obtained through the random 
vibration method for several one to five-D OF systems. 
Once SD and cPD are known, the story damage indices are obtained as 
( 5.13) 
To obtain the overall damage index, it is necessary to determine the ma.ximum 
story potential energy, epi' which is a function of the maxim urn story displace-
ment given by 
( 5.14) 
It is proposed, however, that the maximum story displacement be approximated 
by 
(5.15) 
This approximation tends to overestimate Umi for large D i (by about 15 per-
cent for D i ~ 0.5) because the contribution of the energy term Dei to D i 
increases with D i' and neglecting it overestimates umi' On the other hand, Umi 
is underestimated for small Di (by about 20 percent when Di ~ 0.05). How-
ever, the effect of this approximation on the overall damage index is small 
when the story damage indices are fairly uniform. 
Figure 5.6 plots the overall damage indices obtained through Eqs. 5.9 to 
5.15 against those obtained with the random vibration method for the struc-
tures used in the calibration of the damage index. The proposed method gives 
very good estimates of the overall damage index for D s < 0.5, beyond which 
Ds tends to be underestimated because SD is underestimated by Eqs. 5.9 
through 5.12 when the story damage indices are large. 
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The proposed simplified procedure for estimating the damage indices of a 
structure can be summarized as follows: 
l.a. Determine the seismic load on the structure in terms of (J' a.' td , and Tg • 
b. Determine the period of the structure, T, and the ultimate displacement, 
U U ' for each story. 
2. Obtain the damage distribution vector, cPD' using Eq. 5.5. 
3.a. Determine the equivalent ultimate displacement, uue' using Eq. 5.10. 
4. 
b. Compute the sum of the story damage indices, SD' using Eqs. 5.9, 5.11 
and 5.12. 
c. Compute the individual story damage indices using Eq. 5.13. 
Co~pute the overall damage index according to Eq. 3.31, using Eq. 5.15 to 
estimate the maximum story displacements and Eq. 3.32 to obtain the 
interstory potential energies. 
The proposed simplified method has been used to obtain the damage indices of 
six and seven-story structures and found to give good estimates relative to 
those 0 btained through nonlinear random vibration analysis; however, its accu-
racy can be expected to deteriorate for higher structures. 
5.3 Damage -Limiting Design 
The previous section describes a simplified procedure for estimating the 
damage index of a given structure. The simplified procedure can be used as the 
basis for developing designs with a permissible level of potential damage when 
su bje cte d to a spe cifie d ground motion . 
The resulting design procedure is a modification of the equivalent lateral 
load method currently used in many seismic building codes. The dynamic 
lateral forces are also replaced by equivalent static forces, which are determined 
from an estimate of the base shear of the structure. However, the base shear 
coefficient is determined as a function of the tolerable damage level. 
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Consider a multistory building whose overall damage index is to be limited 
to a maximum value D L . To avoid damage concentration in any story, the 
story damage indices should also be close to or less than DL • The sum of the 
damage indices should therefore be limited to ND L. Then Eq. 5.9 can be 
rewritten as 
(5.16) 
from which uue is computed given a a' td , T, and Tg • 
It has been noted earlier that a building with constant ¢: and uui will have 
a fairly uniform distribution of damage. Constant ¢( is obtained when the 
story stiffness distribution is proportional to the distribution of the story 
shears. For a building with constant story mass, height, and ¢;, equating the 
maxim urn potential and kinetic energies give 
N I 
mwf :E(i¢i)2 (5.17) 
1- 1 i-I 
in which 
N 
~ ~ 
2..;J 
I-I 
_k_
1 
- k. -_--
--1 N ( 5.18) 
:Ej 
)- 1 
where m and k are the story mass and stiffness, respectively, and WI is the first 
natural frequency. From Eqs. 5.17 and 5.18, it can be shown that 
tl ki 2 
wi = m -N-(-N-+-1-) (5.19) 
The required strength in the first story is 
_ 2 [~)2(N+l) uu ! W 
g T A 
( 5.20) 
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where W is the total weight of the structure. The design base shear can thus be 
written as 
(5.21) 
in which 
C =2.(~)2(N+l)uue 
S g T A ( 5.22) 
where Uue is given by Eq. 5.16. Observe that the base shear coefficient is expli-
citly a function of the limiting damage level, as uue is a function of D L . 
The equivalent lateral forces may then be obtained from the base shear 
according to 
F = I 
wh 
__ I_I_V 
N 
~wjhj 
j= 1 
( 5 .23) 
where F i , wi' and hi are the lateral force, story weight, and height above the 
ground, respectively, of the 1," -story. The design equation to be satisfied for 
shear is, therefore, 
N 
V· - '\' F < A· r· I L.J J - I I (5.24 ) 
J=l 
where Vi' Ai, and Ii denote the shear force, shear area, and shear strength, 
respectively, of the £ -th story. 
In satisfying Eq. 5.24, the designer is often under some constraints. The 
length and spacing of the walls in a building are often governed by architectural 
requirements, and the wall thickness is dependent on the size of masonry units 
available. It is possible to vary the shear strength by varying the mortar 
strength, but it is not good construction practice to use several mortar strengths 
in one building. 
After designing the walls, the design has to be checked to ensure that its 
overall damage index is less than the limiting value, and also that no story 
damage index exceeds the same limiting value. For this purpose, the simplified 
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method described in Sect. 5.2 can be used. If necessary, the design process 
can be repeated, using updated values of the structural period and story masses, 
until an adequate design is achieved. 
Comparison of the proposed base shear coefficient with those of current 
building codes is not straight-forward, because of different load and resistance 
factors or allowable stresses specified by different building codes. Therefore, 
for comparison purposes, consider an adjusted base shear coefficient, 
obtained as follows: let the design equation for shear be written as 
(5.25 ) 
where I and ¢ are load and resistance factors, and r all is the allowable shear 
stress. From Eqs. 5.23 and 5.24, the story shear, Vi' is given by 
Vi = fiCsW (5.26) 
N 
where fi = ~(wjhj/I;wkhk)' Therefore, Eq. 5.25 may be rewritten as 
J-i 1£ 
( 5.27) 
in which 
C i _l~c 
s ,I., r s 
If' all 
( 5.28) 
where the shear strength, r, is given by Eqs. 2.3 and 2.5 with f..L = 0.5. 
Figure 5.7 shows the plot of the proposed C~ versus the structural period 
for (j a = 0.033 g and 0.067 g, and td = 10 sec Since the proposed Cs is a 
function of N, it is assumed, for the purpose of Fig. 5.7, that T = 0.05N. Also 
shown in Fig. 5.7 is the C~ of ATC-3-06 (1978), the Uniform Building Code 
(1985), and the PRC's Aseismic Design Code for Industrial and Civil Buildings 
(TJ 11-78). 
For ATC-3-06, C~ is computed using the following: R = 1.25, S = 1.2, 
and Aa = Av = 0.1 and 0.2 for (j a = 0.033 g and 0.067 g, respectively. The 
ratio, I/¢ = 1.00 / (2.5X 0040) = 1.00, and r and r all are 0 btained for a 
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masonry unit strength of fmu = 100 kg / em. 2 ; type N mortar for 
0" a. = 0.033 g, type S mortar for 0" a. = 0.067 g; and vertical compressive 
stress, 0" c = 3.0 kg / cm 2 , representing approximately the compressive stress at 
the bottom story of a three-story building. 
For the UBC, C~ is computed using K = 1.33, I = 1.0, CS = 0.14 and 
Z = 3/4 and 3/8 for O"a. = 0.033g and 0.067g, respectively. The ratio, 
,/¢ = 1.0/1.33 = 0.75 for O"a. = 0.033g, and ,/¢; = 1.5/1.33 = 1.13 for 
0" a. = 0.067 g. The allowable shear stress is obtained for a masonry strength 
of f~ = 55 and 75 kg/em 2 for 0" a. = 0.033 g and 0.067 g, respectively. 
For the PRC's TJ 11-78 Code, C~ is computed using C = 0.45, and 
a max = 0.45 and 0.23 for 0" a. = 0.033 g and 0.067 g, respectively. The ratio, 
,/¢ = 2.0X 1.2 = 204 and Tall is obtained using a mortar strength of 
fmo = 50kg/cm 2 for O"a. = 0.033g, and fma = 75kg/cm2 for 
0" a. = 0.067 g. 
Table 5.2 summarizes the computation of the adjusted base shear 
coefficients. From Fig. 5.7, the C~ of A TC-3-06, corresponding to D L < 0.10, 
is much higher than the proposed C~ and those of the UBC and TJ 11-78. 
Also, the C~ of TJ 11-78 corresponds approximately to DL = 0040. 
5.4 Design Examples 
Two buildings are designed to illustrate the proposed damage-limiting 
design procedure. :Both buildings have a common floor plan as shown in Fig. 
5.8; one with three stories and the other with five stories. The story height is 
assumed to be three meters for all stories. Floors are to be constructed using 
precast concrete slabs. Live load is assumed to be 0.1 tim 2 for the roof and 0.2 
tim 2 for the other floors. The strength of the masonry units is assumed to be 
100 kg/em 2. 
The predominant period of the ground motion is assumed to be 0.4 sec 
(Wg = 51r) with ~ g = 0.6, which corresponds to firm ground condition . 
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5.4.1 Design of Three-Story Building 
The building is assumed to be located in an area where the seismic load 
may be characterized by (J" a. = 0.067 g, corresponding approximately to a peak 
acceleration of 0.2 g, with a strong-phase duration of td = 10 sec. It IS 
assumed that the wails in the building vibrate independently of each other. 
The story masses are computed assuming a floor dead load of 0.36 t/m 2 
and the permanent live load (such as partitions) to be half of the total live 
load. Let the wall thickness be 24 cm for the transverse walls and 36 cm for 
the longitudinal walls. For an interior transverse wall, the tributary floor mass 
is 28 (0.36 + 0.10) + (0.36XS.67 + 0.24XS.64) (3X1.8) = 31.2t for the first 
and second stories and 20.7 t for the top story. Assuming a structural period of 
0.15 sec, Cg = 0.478 is obtained for a tolerable damage of DL = 0.2S, giving 
a base shear of 0.478 (31.2X 2 + 20.7) = 39.7 t. Similarly, for an interior 
longitudinal wall, the tributary floor mass is 79.3 t for the first two stories and 
S2.6 t for the top story, giving a base shear of 101.0 t. The equivalent lateral 
forces, F, int€r-story shears, V, and overturning moments, M, are as follows: 
Transverse Wall Longitudinal Wall 
Story F V }v1 F V ~..1 
( t) ( t) ( tm ) ( t) ( t) ( tm) 
3 15.8 15.8 47.4 40.3 40.3 120.9 
Of'! 0 'H~"1 "1 
ov.o uvu.v 
1 8.0 39.7 251.5 20.2 101.0 555.3 
For the transverse wall, the wall area is Aw = 0.24XS.64 + 0.36X4.0-
2.79 m 2, and the shear area (area of we b of I wall section) is Ay -
O.24X 6.36 - 1.53 ill 2; whereas for the longitudinal wall, the corresponding 
values are 7.87 m 2 and 4.41 m 2 , respectively. Assuming that the masonry 
shear strength, T, is given by Eqs. 2.3 and 2.S with f..L = O.S, the vertical 
compressive stress, (J' c' and the required mortar strength for shear, fmo ' are: 
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Transverse Wall Longitudinal Wall 
Story ere fmc ere fmc 
(kg/em 2) (kg/em 2) (kg/cm2) (kg/em 2) 
3 0.74 22 ·0.67 19 
2 1.86 43 1.68 36 
1 2.98 42 2.68 34 
The overturning moments are resisted by vertical loads. The moment of iner-
tia is I = O.24X5.643 /12 + O.36X2X3.02X2 = 16.55 m 4 for the transverse 
wall and 157.4 m 4 for the longitudinal wall. The vertical loads, P, and the 
flexural stresses induced by the overturning moment, fb' are as follows: 
Transverse Wall Longitudinal Wall 
Story P fb P fb 
( t) ._- (kg/em 2) ( t) (kg/em 2) 
3 29.8 0.16 75.7 0.34 
2 61.0 -0.55 155.0 0.10 
1 92.2 -1.72 234.3 -0.46 
In which fb = P Me where c = 3.18 m and 8.12 m for the transverse A", - -r-' 
and longitudinal walls, respectively. The permissible tensile stress for walls in 
flexure is 1.9(\ kg /crn z for Type N mortar (UBC, 1985) which has fmc~ 35 to 
70 kb/C:n: ~~::in. 1971). Therefore, assuming the mortar strength to be 
50 kg/c:n:' L '" ~:"t 5;st and second stories and 25 kg/em 2 for the top story, the 
story ul~lrr::-~:I' ~~"'a~ capacity, qu = AyT, would be as given below: 
3 
1 
Ultimate Shear Capacity, qu (t) 
Transverse Wall 
16.9 
33.8 
42.4 
Longitudinal Wall 
47.2 
93.4 
115.7 
The simplified procedure is used to evaluate the potential damage to the 
above design. The initial story stiffness, ki' and the ultimate displacement, uu' 
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for the transverse wall are computed as follows: 
k ic AC k uu Story 1 (t/cm) (t/cm) ( cm) 
3 486 14.43 172 0.502 
2 764 12.54 311 0.555 
1 764 10.38 375 0.576 
where k ic = 
h3 h ) , E = I and h is the story height. Em/(w+ 700 fm' O.4A y m 
The masonry compressive strength, fm , is assumed to be 35 and 55 kg/cm 2 for 
fmo = 25 and 50 kg/cm 2 , respectively. The factor Ac is given by Eq. 2.10 
and ki = 'Akic/Ac with A = 5.1. Similarly, the story stiffnesses and ultimate 
displacements for the longitudinal wall are: 
where 
Story 
3 
2 
1 
k ic 
(t/cm) 
1560 
2440 
2440 
14.78 
12.99 
10.87 
ki --
(t/cm) 
538 
958 
1145 
/( h 
3 ~ hi ), h h kic = Em 12 I + L.J wit 1 = i_I°.4A yi 
uu 
'( cm) 
0.447 
0.497 
0.515 
2m (assumed height of 
doors), AYI = 4.41 m 2, h2 = 1 m and AY2 = 5.85 m 2. The structural 
period is T = 0.1256 sec, and the first mode shape is rP T = {0.357 0.699 
1.000} for the transverse wall. For the longitudinal wall, T = 0.1143 sec 
with ¢ T = {0.362 0.704 1.000}. The damage distribution vector is COID-
puted using Eq. 5.5b, yielding the following: 
Transverse Wall Longitudinal Wall 
Story .J./n; 
rPl ¢/n; 4/ <p rPD rPD 
u 2 u Z u u 
3 0.301 0.319 0.283 0.296 0.386 0.274 
2 0.342 0.360 0.319 0.342 0.449 0.318 
1 0.357 0.449 0.398 0.362 0.576 0.408 
For the transverse wall, the sum of the story damage indices, from Eq. 5.9, is 
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(65.4) 1.725 (10) 0.35 
SD = 0.0458 = 0.631 
. (0.1256)-3.10(0.548)1.725 
For the longitudinal wall, the corresponding sum of the story damage indices is 
(65.4) 1.725 (10) 0.35 
SD - 0.0458 = 0.670 (0.1143)-3.10 (0.491)1.725 
Using Eqs. 5.13 and 3.31, the story damage indices, D, maximum displace-
ment, u m , and the overall damage index, Ds' can be summarized as follows: 
Transve rse Wall Longitudinal Wall 
Story 
D wD D wD Um um 
( em) (ern ) 
3 0.178 0.089 0.020 0.156 0.070 0.016 
2 0.201 0.112 0.061 0.181 0.090 0.054 
1 0.251 0.145 0.147 0.232 0.120 0.139 
Ds - 0.228 D = 0.209 s 
The potential damage to the design is also examined using the random 
vibration method. The story damage indices and the overall damage index are 
shown in Fig. 5.9a; the corresponding damage indices 0 btained with the 
simplified method are shown in parentheses. Observe that the overall damage 
index obtained by either method is less than the tolerable damage of 
DL = 0.25; also Fig. 5.9a shows that the damage distribution is fairly uniform 
among the different stories. The above results show that the simplified method 
gives re liable ove raIl dam age indices. 
For comparision, the same building is also designed with the UBC and 
TJ 11-78. This building cannot be designed as an unreinforced masonry struc-
ture using the A TC-3-06 because it would fall under Seismic Performance 
C,ategory C, which requires all structural components to be of reinf.:)fced 
masonry. 
According to the UBC, the base shear coefficient is Cs = ZII(CS = 0.14 
(with Z = 3/4 for Seismic Zone No.3, I = 1.0, I( = 1.33, and CS = 0.14), 
giving a base shear of 0.14X 83.1 = 11.6t for the transverse wall and 0.14X 
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211.2 = 29.6 t for the longitudinal wall. The story shears, overturning 
moments, and flexural stresses would be as follows: 
Transverse Wall Longitudin al Wall 
Story V M fb V M fb 
( t) (trn ) (kg/cm 2) ( t) ( tm) (kg/cm 2) 
3 4.6 13.8 0.80 11.8 3S.4 0.78 
2 9.3 41.7 1.39 23.7 106.S 1.42 
1 11.6 76.S 1.83 29.6 19S.3 1.97 
There are no tensile stresses caused by overturning moments. For Seismic 
Zone No.3, the UBC requires that the shear walls be designed to resist 1.5 
times the above shear forces. Using type S mortar (fmc = 75 kg/cm2 , 
f~ = 75 kg/cm ~), the design shear forces, vertical compressive stresses, allow-
able story shears, and ultimate shear capacities, are as follows: 
Transverse Wall Longitudinal Wall 
Story 1.5 \. O"c Vall qu 1.5V O"c Vall qu 
( t) (kg/em 2) ( t) ( t) ( t) (kg/em 2) ( t) ( t) 
3 69 0.74 17.1 32.8 17.7 0.67 48.3 92.9 
2 140 1.86 21.6 41.3 35.6 1.58 60.2 11S.1 
1 17 4 2.98 25.2 49.9 44.4 2.58 71.9 137.2 
where \ ..... = i.33A v(Fy + O.20"c), Ay = 1.53m 2 and 4.41m2 for the 
transve:-se ar.~ iJo;itudinal walls, respectively, and Fy = 6.g t/m 2 for 
f~ = 75 kb ::-:::;, S;nee the allowable story shears are much higher than the 
design she3J' L ~~"5. the wall thickness can be reduced to 18 cm for the 
transverse '"' a~: :4. i ~-t em for the longitudinal wall. Repeating the design cal-
culations. t~e L)l: wi::g are obtained: 
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Transverse Wall Longitudinal Wall 
Story 1.5 V eTc VaIl qu 1.5V (J"c Vall qu 
( t) (kg/em 2) ( t) ( t) ( t) (kg/em 2) ( t) ( t) 
3 5.0 0.90 13.0 24.9 15.3 0.82 33.2 53.7 
2 11.7 2.19 ·15.8 32.1 29.9 2.00 42.3 80.9 
1 14.5 3.48 20.5 39.3 37.2 3.17 51.4 98.0 
The damage indices for this design, obtained by the random vibration method 
and the simplified method, are shown in Fig. 5.9b. 
Observe that for this three-story building, the story dam age indices are less 
uniform than those of the proposed method. In particular, the lower stories 
tend to have higher damage indices. 
According to the TJ 11-78, Cs = Ca = 0.203 for C = 0.45 and 
Cl = 0.45. The story shears, overturning moments, and flexural stresses are as 
follows: 
Transverse Wall Longitudinal Wall 
Story V M fb V M fb 
( t) ( tm) (kg/em 2) ( t) ( tm) (kg/em 2) 
3 5.7 20.1 0.58 17.1 51.3 0.70 
2 13.5 50.5 1.03 34.3 154.2 1.17 
1 15.9 111.3 1.15 42.9 282.9 1.52 
Using a mortar strength of 25kg/cm 2 , the (J"c' Va.Il' and qu are as follows: 
Transverse Wall Longitudinal Wall 
Story ere VaIl qu (J"c Va.ll qu 
(kg/em 2) (t) ( t) (kg/em2 ) ( t) ( t) 
3 0.74 14.9 15.9 0.57 42.4 47.2 
2 1.85 17.7 25.5 1.58 49.8 59.5 
1 2.98 20.1 34.0 2.58 55.2 91.5 
where Vall = AyRrjK~, Rr = RjY1 + (J" c/Rj' in which R j = 2.0 kg/em 2 
for frna = 25 kgjcm 2 , K = 2.0, and ~ = 1.2. The damage indices for this 
design is shown in Fig. 5.gc. 
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The damage indices are higher than those of the building designed with the 
proposed method or with the UBC; this is the result of using lower strength 
mortar for the lower stories. 
5.4.2 Design of Five-Story Building 
For this structure, the seismic load IS assumed to be (J" a. = 0.033 g, 
corresponding approximately to a peak acceleration of 0.1 g, with 
td = 10 sec. Let the walls be 18 cm thick. The tributary floor mass for an 
interior transverse wall is 17.1 t for the top story and 24.0 t for all the other 
stories. For a longitudinal wall, the floor mass is 43.6 t for the top story and 
61.3 t for the other stories. Assuming a structural period of 0.20 sec, 
Cs = 0.221 IS obtained for a tolerable damage of DL = 0.25. The 
equivalent lateral forces, story shears, and overturning moments are: 
Transverse Wall Longitudinal Wall 
Story F V M F V M 
( t) ( t) ( tm) ( t) ( t) ( tm) 
5 6.6 6.6 19.8 16.8 16.8 50.4 
4 7.4 14.0 61.8 18.8 35.6 157.2 
3 5.5 19.5 120.3 14.1 49.7 306.3 
2 3.7 23.2 189.9 9.4 59.1 483.6 
1 l.8 25.0 264.9 4.7 63.8 675.0 
For the transverse wall, Aw = 1.77 m 2, Ay = 1.11 m 2 , and 1= 9.44 m"!; 
whereas for the longitudinal wall, the corresponding values are 4.89 m 2, 
2.19 m 2, and 81.5 m"!, respectively. The mortar strengths required for shear 
and the flexural stresses caused by overturning moment are: 
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Transverse Wall Longitudinal Wall 
Story fmo fb fmo fb 
(kg/cm2) (kg/em 2) (kg/cm2) (kg/em 2) 
5 2 0.63 9 0.68 
4 2 0.62 17 0.88 
3 0.07 18 0.65 
2 -0.85 11 0.14 
1 -1.95 -0.50 
Since fb for the first story of the transverse wall exceeds the allowable tensile 
stress of 1.90 kg/em 2 for fmo = 50 kg/em 2, the wall thickness for the first 
story is increased to 24 em. Recalculating the required mortar strengths and 
flex ural stresses gives: 
Transverse Wall Longitudinal Wall 
Story fmo fb fmo fb 
(kg/em 2) (kg/em 2) (kg/em 2) (kg/em 2) 
5 2 0.63 9 0.68 
4 2 0.60 18 0.86 
3 0.03 19 0.62 
2 -0.91 12 0.09 
1 -1.47 0.32 
Because overturning moments result in tensile stresses in the first two stories 
and only a small compressive stress in the third story, a mortar strength of 
50 kg/em 2 is used for the lower three stories and 25 kg/em 2 for the upper two 
stories. The damage indices will be higher for the longitudinal wall because the 
required mortar strengths are higher for this wall. Therefore, it is only neces-
sary to check for damage in the longitudinal wall. The ultimate shear capaci-
ties, story stifi"nesses, and ultimate displacements for the longitudinal wall are: 
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qu k Uu Story I ( t) (t/em) ( em) 
5 25.9 286 0.461 
4 39.6 402 0.503 
3 65.3 634 0.526 
2 79.0 749 0.538 
1 104.2 993 0.535 
The structural pe riod, T= 0.1961 sec with cPT = {0.173 0.386 0.600 
0.844 1.000 }, and the damage distribution vector, cP T -D - { 0.161 0.221 
0.199 0.284 0.136 } , giving uue = 0.515 em . The sum of the story damage 
indices is 
(32.7) 1.625 (10)0.35 
SD = 0.0413 - 0.698 (0.1961) -2.90 (0.515) 1.625 
Therefore. the story damage indices are: 
I 
Story I 1 2 3 4 5 
0.154 0.139 0.198 0.095 
and the overall damage index is 0.150. Damage indices calculated with the ran-
dom \'i br:nion method is shown in Fig. 5.10a. Again, the proposed simplified 
method yie Ids good estimates of the story and overall damage indices (shown 
in parentheses in Fig. 5.10a). Observe that the change in the mortar strength 
from so kg/em'2 to 25 kg/cm:2 between the third and the fourth stories results 
in some damage concentration in the fourth story. 
Designing the same building based on the UBC, the base shear coefficient, 
Cs = 0.07 (with Z = 3/8 for Seismic Zone No.2) . Using a wall thickness of 
24 em for the first story and 18 em for the upper stories, the story shears, 
flexural stresses! vertical compressive stresses, and allowable story shears are as 
follows: 
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Story 
V fb O"c Vall 
( t) (kg/em 2) (kg/cm2) ( t) 
5 5.4 1.02 0.89 22.4 
4 11.4 1.93 2.15 29.7 
3 15.9 2.71 3.40 37.0 
2 18.9 3.40 4.65 44.3 
1 20.5 3.40 4.53 58.5 
where Vall is computed assuming Type N mortar ( fmc = 50 kg/cm 2 ) is used 
for all the stories. The damage indices for this wall is shown in Fig. 5.10b. 
Based on the TJ 11-78, Cs = 0.104 (a = 0.23). Using a wall thickness 
of 24 cm for the first story and 18 cm for the upper stories, and a mortar 
strength of 25 kg/em 2 for all the stories, the following are obtained: 
V O"c "( T qu Story Yall ( t) (kg/cm2) ( t) ( t) 
5 8.0 0.89 21.9 25.9 
4 16.9 2.15 26.3 39.6 
3 23.6 3.40 30.0 53.3 
2 28.1 4.65 33.3 67.0 
1 30.5 4.53 44.2 88.2 
The corresponding damage indices for the longitudinal wall is shown in 
Fig. 5.10c. Again, higher damages are observed than those of the design 
obtained with the proposed method or the UBC because of the use of lower 
strength mortar in the lower stories. 
The above two examples show that the proposed design method can yield 
structures with fairly uniform distribution of damage among the different 
stories of a masonry building; this should improve the seismic resistance as all 
the stories are participating equally in resisting the late·ral forces. 
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5.5 Reliability of Propa:;ed Design. Methcx:l 
In the proposed design method, potential damage to a building subjected to 
the design earthquake is limited to a tolerable damage level, DL = 0.25 to 
prevent severe, irrepairable damage. However, because ground motion and 
structural capacity are highly variable, there is always the pro bability that the 
building will suffer severe damage or collapse, (D > 1.0) , even when subjected 
to the design earthquake. In additional to the uncertainties in the ground 
motion and the structural capacity, there are also uncertainties in the model 
parameters such as the story mass, ultimate strength, and stiffness. These 
uncertainties can be attributed to the inherent variabilities of the parameters 
and to the errors in modeling the parameters. Because of these model parame-
ter uncertainties, the failure probability is a random variable, since it is a func-
tion of the distribution of the damage index, which in turn depends on the 
model parameters. It is necessary to account for .all these uncertainties in 
evaluating the reliability of the proposed design method. 
It was 0 bserved in Chap. 4 that the uncertainty in the dam age index is due 
mainly to the uncertainty in the structural capacity, represented by the ultimate 
damage index Du1t . Since Dult has a Weibull distribution, the damage index 
can be expected to have an extreme value Type II distribution. The failure 
probability may then be given by 
( 5.29) 
where vD and kD are the distribution parameters. This failure probability is 
conditional on the mean damage index, D , which is a random variable because 
of the uncertainties in the model parameters. If q is the probability that Pf 
will be less than the value (Pr)q, i.e., 
( 5.30) 
then assuming that D is lognormally distributed, with parameters AD and S"D' 
it can be shown that 
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(5.31 ) 
where 4>-1(.) is the inverse normal distribution function and f(.) is the 
gam m a function. 
In Chap. 4, it was observed that the cov of D, 0D' varies between 0.30 
and 0.35. Using 0D = 0.35, the distribution parameter kD = 4.603. 
To evaluate AD and ~D' the mean and variance of D are required. The 
variance of D is obtained using a first-order approximation (Ang and Tang, 
1975) : 
O"t = ~~ CiCj 0" piO" pj Pij ( 5.32) 
1 j 
where Ci = the partial derivative of D with respect to the model parameter Pi' 
evaluated at the mean values of the model parameters; 0" pI = the standard 
deviation of Pi; and Pij = the coefficient of correlation between the parameters 
Pi and Pj. To evaluate O"~ the uncertainties in the model parameters are 
required. 
5.5.1 Uncer-Lainties in ~vfodeI Parameters 
From the study by Portillo and Ang (U)7G), the varia.bility in the m {iSS of a 
building may be represented by a cov of 0.12. 
The uncertainties in the ultimate strength and the stifTness consist of the 
inherent variabilities and the modeling errors. From the limited experimental 
data available, it is not possible to determine the inherent variabilities in the 
strength and stiffness. Therefore, these will be assumed to be represented by a 
cov of 0.30 for both strength and stiffness. Using the methods in Chap. 2 to 
evaluate the ultimate strengths and stiffnesses of the wall test specimens used 
by Zhu (1980), Ref. 27, and Xia (lg86), modeling errors of 0.11 for strength 
and 0.36 for stiffness are obtained. Hence the total uncertainty is expressed by 
a cov of 0 q = YO.302 + 0.11 2 = 0.32 for strength, and a cov of 
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11 k = YO.302 + 0.362 = 0.47 for stiffness. Figure 5.11 show that strength 
and stiffness are correlated, with a correlation coefficient of 0.89. This is to be 
expected because both strength and stiffness depend on the wall section and 
masonry properties. 
The structural damping coefficients of 14 unreinforced masonry buildings 
are reported in Yang, et al., (1981). From these data, the cov of the structural 
damping coefficient is 0.42. 
Lai (1982) evaluated the Kanai- Tajimi parameters Wg and ~ g for 140 
ground motions records, obtaining a cov of 0.44 for Wg and a cov of 0.42 for 
~g' 
There are also uncertainties associated ... vith the restoring force model 
parameters. However, except for the parameter p, these are small and do not 
significantly affect the uncertainty in D. For the~arameter p, the experimen-
tal data indicate a range of 2.0 to 6.0 with a mean 'value of 3.3. Therefore, 
assuming a lower triangular distribution for p gives a cov of 0.28. 
Using the cov's for the various model parameters determined above, the 
variance of D is evaluated for three SDF systems with structural periods of 
T = 0.1, 0.2, and 0.3 sec, using ~ = 0.04, Wg = 51T", ~ g - 0.60, and 
td = 10 sec The intensity of the ground motion is varied to give different 
values of the mean damage index. 
Figure 5.12 shows the contribution to the total variance of D from the 
uncertainties of the model parameters for the system with T = 0.2 sec, indi-
cating that the uncertainties in the strength and stiffness have the greatest con-
tribution to the total uncertainty in D . 
Figure 5.13 plots the cov of D, of), for the above three SD F systems. It 
- -
is observed that of) = 0.5 to 0.6 for small D (D <0.3 ), but increases sub-
stantially as·D approaches 1.0. Hence, the cov of D can be conservatively 
assumed to be 0.6 for D < 0.25, and increases linearly to 1.2 for D = 0.75, 
as shown by the dotted line in Fig. 5.13. 
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5.5.2 Failure Probability 
The probability of failure, Pr = P(D > 1.0), is evaluated for different 
values of D and corresponding error bounds using Eq. 5.31. The results are 
plotted against D and the ratio Ls/Ls,des in Fig. 5.14. Ls is a seismic load 
defined by 
(5.33 ) 
where nr and nt are given by Eqs. 5.8 and 5.11, and· Ls,des is the design 
seismic load. The damage index is a linear function of Ls ' and for Fig. 5.14, it 
is assumed that the proposed design method is used for a tolerable damage of 
DL = 0.25. Observe that the 80% confidence interval for Pr widens as D 
increases, because 5j) increases with increasing D. Specifically, for a mean 
dam age index of 0.25, there is gO percent pro bability that Pr is less than 0.01. 
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Table 5.1 Values of ll¢J 
Story 
Num ber of Storys 
2 3 4 5 6 7 
1 1.85 1.85 1.90 1.90 1.90 1.90 
2 2.15 2.05 2.00 1.95 1.95 1.95 
3 2.10 2.05 2.05 2.00 2.00 
4 2.05 2.05 2.05 2.05 
5 2.05 2.05 2.05 
6 2.05 2.05 
7 2.05 
Table 5.2a Computation of Adjusted Base Shear Coefficient, C~, 
for (j a. = 0.033 g 
fy 
T I (;' 
~ Cg (kg/em 2) fv ¢ '-Is 
A TC-3-06 1.05 2.65 1.00 0.200 0.530 
UBC 1.19 2.34 0.75 0.070 0.123 
TJ 11-78 4.24 0.66 2.40 0.104 0.165 
r = 2.78 kg/em 2 
Table 5.2b Computation of Adjusted Base Shear Coefficient, C~, 
for (j a. = 0.067 g 
J.v T I C' 
- Cs (kg/em 2) fv ¢ s 
ATC-3-06 1.41 2.32 1.00 0.400 0.928 
I 
UBC 1.29 2.53 1.13 0.140 0.400 
TJ 11-78 4.77 0.69 2.40 0.203 0.336 
T - 3.27 kg/em 2 
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CHAP'IER 6 
SillvfMARY AND CONCLUSIONS 
A seismic damage model for masonry structures is developed. Damage is 
measured by a damage index, which is a function of the maxim um deformation 
and the absorbed hysteretic energy. The parameters for the damage index are 
evaluated using results from cyclic load tests on unreinforced brick masonry 
shear walls. The ultimate damage index, representing the structural capacity to 
resist damage, is shown to be described by a Weibull distribution with a mean 
value of 0.99 and a cov of 0.31. 
A restoring force model was developed to model the nonlinear, stiffness 
and strength degrading characteristics of masonry ____ The model parameters were 
determined for unreinforced brick masonry. A random vibration approach was 
adopted to determine the response statistics of the maxim urn displacement and 
absorbed energy. It is shown that the contribution of the uncertainty in the 
absorbed energy to the total uncertainty in the damage index is smaiL 
The damage indices for forty five unreinforced brick masonry' buildings 
from five earthquakes in the PRC were evaluated. Correlating the calculated 
damage indices with observed damage suggests that to avoid severe (irrepair-
able) damage, the damage index should not exceed 0.25. Collapse is expected 
when the damage index approaches 1.0. Damage in a masonry building is usu-
ally higher in the lower stories because the maxim urn displacement and 
absorbed energy is greater in the lower stories. However, fairly uniform distri-
bution of damage is () bserved in buildings with a linear mode shape and con-
stant ratio of strength to stiffness. It is also 0 bserved that when the damage 
index is less than one, its uncertainty is due mainly to the uncertainty in the 
structural capacity. Therefore, the cov of the damage index is fairly contant -
having values between 0.30 and 0.35. 
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An alternate method for evaluating the damage index is also developed. 
Damage is expressed as a ratio of the seismic load to the structural capacity. 
The seismic load is represented by the rms acceleration, the strong motion 
duration, and the predominant period of the ground motion. The structural 
capacity is expressed in terms of the structural period and the ultimate defor-
mation capacity. This simplified method is shown to give good estimates of the 
dam age index. 
A modification to the equivalent lateral load procedure is proposed for the 
design of low-rise unreinforced masonry structures. The base shear coefficient 
is derived as an explicit function of the limiting damage level. Uniform distri-
bution of damage is achieved through the appropriate selection of wall stiffness 
and strength. It is shown that the base shear coefficients of the A TC-3-06 is 
high for unreinforced masonry construction, whereas the base shear coefficients 
of the UBC and TJ 11-78 correspond to a limiting damage index of about DAD. 
Two design examples show that unreinforced masonry buildings can be 
designed with an explicit measure of tolerable damage; moreover, fairly uni-
form distribution of damage can also be achieved. The reliability of the pro-
posed design method was evaluated taking into consideration uncertainties in 
the model parameters in addition to the uncertainties in the seismic loading and 
the structural capacity. When subjected to the design earthquake, the probabil-
ity of failure of a building designed according to the propose d method is less 
than 0.01 with a gO percent confidence. 
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APPENDIX 
The integrals 11 and 12 in Eq. 3.17 are 
11 = J 1 ZI/(p -1) exp (_X2 (1 -ZI/(p -1) ) 2) dz 
o 
12 - J 00 ZI/(p-I) exp (-x 2(1+z1/(P-l))2) dz 
o 
(A.l) 
(A.2) 
1 au u 
where x = ---- In general, numerical evaluation of these integrals is V2 O'u • 
necessary. However, if p is an integer, it can be shown that Eq. 3.17 may be 
rewritte n as 
for p even (A.3a) 
__ P ___ l_ (2 I' -I) 
auu V7i 
for p odd (A.3b) 
in which 
1 P -1 r 1 r 1 m1- -v-;: ~_ P-=-1 -: r(!(rn+l)1 
. ,. m- U ~ Hi ) l A) \. .. ) 
(AA) 
and, 
x
2 
( vt]P-l 
.... ' r -t.. t "\ r: 1-, 1=) e ll--- vtQt 
o x 
(A.S) 
where (:) is the binomial coefficient and r (.) is the gamma function. 
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